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Introduction
The primary physics goal of the BABAR experiment is to study CP violation in neutralB decays. The Standard
Model (SM) theory with three quark generations leads naturally to a CP asymmetry, which is represented
by an irreducible complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [1, 2].
Charmless B decays through hadronic states supply an important way of determining the angles of the
Unitarity Triangle (UT ); in many of them, neutral kaon production is expected. For instance, CP asymmetry
in B0 → J/ψK0 has given one of the most precise measurements of sin 2β [3]. Decays B0 → K+K−K0
are dominated by b → sss gluonic penguin amplitudes, suppressed by elements of the CKM matrix, but
they may also be affected by new physics amplitudes, thus bringing to evidences of new physics beyond
SM.
This thesis mainly concerns K0L identification in BABAR. Neutral kaons are detected, through hadronic
interaction, in the Electromagnetic Calorimeter (EMC) and in the Instrumented Flux Return (IFR). The
former is however calibrated for electromagnetic showers, which differ from hadronic ones mostly beacuse
of their shape; thus it is mandatory to define cluster shape variables in order to distinguish these two kinds
of showers. These variable distributions will be then used to implement a selector for K 0
L
, using both a
Likelihood function and a Neural Network. IFR information may be used to better discriminate kaons from
other neutral particles, and to have a more precise reconstruction of particle trajectories. However, the
time-dependent and decreasing RPC efficiency avoids a massive use of this subdetector.
In the first chapter, a general description of B physics is given. It is mostly oriented to show the importance
of studies involving B decays in a K0.
The second chapter is a layout of PEP-II B factory and BABAR detector, their features and performances,
except for those subdetectors involved in K0L identification. In the third chapter, a focus on EMC and IFR
is given, including a description of the new IFR upgrade to Limited Streamer Tubes, in which I personally
took part. The main tecniques for K0
L
identification are discussed too.
Chapter four shows a comparison between data and Monte Carlo for EMC cluster shape variables using a
charged kaon sample.
The fifth chapter concerns the selection of a low momentum K 0L sample, while in the sixth one the descrip-
tion of a high momentum K0L sample is reported. The differences between the two samples have brought to




1.1 Standard Model and CKM matrix
In the Standard Model (SM), elementary fermion fields are grouped by their chirality. By demanding local
gauge invariance, weak interactions are introduced as coupling of left-handed spinor doublets to the W
boson vector triplet. By the same principle, particle masses are generated with the Higgs mechanism [11]
by couplings of the left-handed doublets and the remaining right-handed singlets to a scalar doublet with
spontaneously broken symmetry. In the quark sector, where all particles have non-vanishing masses, the
Higgs mechanism produces two independent mass matrices M uαβ and Mdαβ . They generate the masses of
the “up”-type and the “down”-type members of the quark doublets, respectively, in the three-family space
αβ. The fact that up-type and down-type quarks are grouped in left-handed doublets implies that only
one matrix Mαβ can be diagonalized at a time. It follows that only one type of quarks can be turned into
mass eigenstates. For the other type, mass eigenstates and chiral eigenstates are separated by a unitarity












contain the mass eigenstates u,c,t, while the Cabibbo-Kobayashi-Maskawa (CKM) matrix Vαβ can be con-
sidered as a rotation transformation from the quark mass eigenstates d,s and b to d ′, s′ and b′ states; its most
general representation is:















If the quark generations are mixed by the matrix Vαβ , CPT invariance requires that the associated antiquark
generations are mixed by the complex conjugated matrix element V ∗αβ . Thus, complex phases in the CKM
matrix are the origin of CP violation in the SM.
For n generations of quarks, V is a n×n unitary matrix that depends on n2 real numbers (n2 complex entries
with n2 unitarity constraints). In the CKM matrix, not all of these parameters have a physical meaning since,
given n quark generations, 2n− 1 phases can be absorbed by the freedom to select the phases of the quark
fields. A phase factor can be applied to every quark operator so that the current J µ could be written as:
6 Theoretical Motivations













Each u, c or t phase allows for multiplying a row of the CKM matrix by a phase, while each d, s or b phase
allows for multiplying a column by a phase: the u, c and t phases can be chosen in order to make real one
element of each of the three rows (for example Vus, Vcs and Vts). Therefore all three elements of a column
(the second in the example) can be made real. In a similar way, the d, s and b phases can be chosen in
order to make real one element of each of the three columns (for example Vud and Vcb). At the end of this
redefinition procedure, five of the CKM matrix phases have been re-absorbed with six quarks: in general,
with n quark families, 2n− 1 phases can be removed. So it is: n2 − (2n− 1) = (n− 1)2. From the latter,
given 3 quark families, 4 real and independent parameters are necessary.
A useful representation is obtained using the four Wolfenstein parameters (λ,A, ρ, η) with λ = sin θC '







−λ 1− λ22 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4). (1.2)






for the elements of the CKM matrix can be represented as triangles in the complex plane. The unitarity







tb = 0. (1.3)
can be graphically visualized in the form of a unitarity triangle (the so called “unitarity triangle”), in which,















) + iη(1 − λ
2
2
) ≡ ρ+ iη
where the rotated ρ and η are introduced.
The angles α, β and γ of the unitarity triangle can be written in terms of the elements of the CKM matrix,
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Figure 1-1. Ten Unitarity Triangle (a) represents the orthogonality condition between the first and the third
column of the CKM matrix. The rescaled Unitarity Triangle (b), all sides divided by |VcdV ∗cb|



















They can be experimentally measured in decays of the B0 and B+ mesons to specific final states. A
deviation from α + β + γ = 1800 or failure of measurements of the sides of the triangle to agree with
measurements of its angles would be an indication of physics beyond the Standard Model. CP violation
in B mesons has been established by the high precision measurement of the angle β in the tree-diagram









and χc1 K0S by BABAR [13] and
Belle [14].
In Fig. 1-2, current experimental constraints on the coordinates of the apex A = (ρ, η) of the unitarity
triangle are shown. They were obtained within the framework of the SM by the UTfit group using the
methodology described in [15].
CP -violating quantities measured in B-meson decays may not be used in the fit; the charmonium neutral-
kaon sin2β world average is overlaid with the Standard Model Expectation. The agreement of the SM-based






















Figure 1-2. Allowed regions for (ρ − η). The closed contours at 68% and 95% probability are shown.
The full lines correspond to 95% probability regions for the constraints, given by the measurements of
|Vub|/|Vcb|,K ,∆md, ∆ms and sin2β. The dotted curve corresponds to the 95% upper limit obtained from
the experimental study of B0s oscillations.
ρ













Figure 1-3. Allowed regions for (ρ − η) (contours at 68% and 95%) as selected by the measurements of
|Vub|/|Vcb|, ∆md and by the limit on ∆ms are compared with the bands (at 68% and 95% confidence level)
from the measurement of CP violating quantities in the kaon (K) and in the B (sin 2β) sectors.
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1.2 Measurement of CP Violation
The quark content of neutral B mesons is time-dependent. Due to B0B0 mixing, a B meson produced as
the quark state
∣∣B0〉 = ∣∣db〉 or ∣∣B0〉 = ∣∣db〉 evolves into the combined state a(t) ∣∣B0〉 + b(t) ∣∣B0〉, while
the two B meson mass eigenstates are the time-independent combinations
|BH〉 = p
∣∣B0〉− q ∣∣B0〉 (1.5)
|BL〉 = p
∣∣B0〉+ q ∣∣B0〉 (1.6)






where t1,2 are the proper times of both mesons. The Υ (4S) is a resonant bb state with quantum numbers
JPC = 1−−, and it can decay into B0B0or B+B− pairs; B mesons are scalar (JP = 0−) and so, because
of the total angular momentum conservation, theBB pair has to be produced in a L = 1 state. Υ (4S) decays
strongly, so the B mesons are created into the two flavor eigenstates B0 and B0.
Measurements of CP violation depend on a “flavor tagging” decay that exposes the quark content of one of
the mesons at t1,2 = ttag . If the other meson decays into a CP eigenstate f at t2,1 = tCP , the asymmetry
in the decay rates
af (t) =
Γ(B0prod(t) → f)− Γ(B
0
prod(t) → f)
Γ(B0prod(t) → f) + Γ(B
0
prod(t) → f)
depends on the time difference t = tCP − ttag by
af (t) =
(1− |λf |2)cos(∆mt)− 2Imλfsin(∆mt)
1 + |λf |2
(1.7)
where ∆m is the mass difference between |BH〉 and |BL〉. Since 1/∆m is of the same order of magnitude
as the mean B meson lifetime, the time-dependence of this asymmetry can be experimentally observed. The
decay amplitudes of the state are:
Af = 〈f |H
∣∣B0〉










of the B0B0mixing amplitudes p and q (Eq. 1.5 and 1.6) and of the decay amplitudes is a way to express
three types of CP violation:








• CP violation in the interference between B0B0 mixing and the B0 decay
|Im(λf )| 6= 0.
As discussed in Sec.1.1, CP violation in the Standard Model depends on the presence of a complex phase in
the quark mixing matrix. B0B0 mixing is a consequence of quark mixing and proceeds through intermediate
up-type quarks of all three families. The mass dependence of the mixing amplitudes, however, suppresses
all of the lighter quarks. As a consequence, p and q only depend on the product of the CKM matrix elements
Vtb and Vtd.
If we consider the B-system Hamiltonian, in the flavor eigenbasis
H = M − i
2
Γ







If CP is not broken, the relative phase between M12 and Γ12 vanishes. Considering B meson decays,




(t) → l+νX)− Γ(B0(t) → l−νX)
Γ(B
0
(t) → l+νX) + Γ(B0(t) → l−νX)
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which can be rewritten in terms of p and q as
asl =
1− | qp |4
1 + | qp |4
Indirect CP violation is expected to be small in B-meson decays and difficult to parametrize using CKM
elements. Until now, no effect of this asymmetry was observed.
In the case of the “golden channel” B0 → J/ψK0S , which is governed by a tree-level W exchange, the decay
amplitude AJ/ψKS only depends on the product of Vcs and Vcb. Thus, there is no CP violation in this B0
decay. Because K0K0 mixing in the K0S meson involves the product of Vcd and Vcs, the CP violation in


















While for the above reasons |λJ/ψK0
S
| ' 1, Eq.1.2 and 1.4 imply that ImλJ/ψK0
S
= sin2β, so that the




By comparison with the Unitarity Triangle (Fig. 1-2), the measurement of this asymmetry provides a
powerful consistency check of the Standard Model.
1.3 Pure-penguin B-meson decays
In this section, an example of a physics analysis where K 0L is present through B decays is reported.
Charmless decays of the B-meson into φK0 or three kaons have been pointed to be the main candidates
for the possibility of discovering effects of physics beyond the SM [27].
What sets these decays apart from the majority of experimentally accessible B-meson decay modes is the
fact that they are dominated not by tree-level processes (Fig.1-4) but by b → s(d)ss gluonic loop-level
(“penguin”) diagrams (Fig. 1-5), possibly with a negligible contribution from electroweak penguins (Fig.
1-6), while other SM contributions are strongly suppressed. Since many scenarios of physics beyond the
SM introduce additional loop diagrams with heavy particles, comparison of CP -violating observables in
B → φK with SM expectations offers a possibility of probing for new physics. Non-SM amplitudes are
expected to be suppressed by the high value of the masses involved, but the contribution could be enhanced
by the nature of the interaction. For example, a loop with a squark and a gluino in a SUSY scenario is
enhanced by the ratio of strong over weak coupling constants and could therefore play not negligible role
(see Fig. 1-7). For more details see [19].
THEORETICAL MOTIVATIONS
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Figure 1-5. Examples of quark-level diagrams for B → φK and B → φpi: (left) internal gluonic penguin;
(right) flavor singlet gluonic penguin
Figure 1-6. Examples of quark-level diagrams for B → φK and B → φpi: (left) internal electroweak
penguin for B± → φK±; (right) external electroweak penguin for B± → φK±.
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Figure 1-7. Examples of SUSY contributions to B → φK




in the decay rates ΓφK± = Γ(B± → φK±), is expected to be <∼ 1%. In the presence of large new
physics contributions to the b → sss transition, it could be of order 1%. Current experimental sensitivity
to ACP (B± → φK±) at both BABAR and Belle is ∼ 10%, is statistically consistent with SM prediction. A
value significantly different from zero of the direct CP violation in B± → φK would unambiguously signal
a breakdown of the Standard Model.
But the main interest is on gluonic loop-mediated decays of a neutral B into φK final state. The presence of
mixing phenomenon makes the time-dependent CP asymmetry particularly sensitive to new physics effects.
In the SM CP violation arises from a single complex phase in the CKM quark-mixing matrix. Neglecting
the CKM-suppressed contributions, the time-dependent CP-violating asymmetries in the B 0 → φK0 and
B0 → J/ψK0 are proportional to the same parameter sin 2β, where the latter is dominated by tree diagrams.
The main limit to the discovery of a deviation from SM is the large statistical uncertainties, since penguin
b → s decays have BF∼ 10−6, while the golden mode B0 → J/ψK0 has a BF∼ 10−4. In the B-




+K−K0S , K0SK0SK0S . A natural way to lower the statistical uncertainties is to add the samples
with a K0L in the final states. The K0L hadron detection is a delicate issue in both B-Factories, and my work
is voted to improve its identification.
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Figure 1-8. The rescattering diagram for B → φK and B → φpi. The tree part of this diagram could lead
directly to a B → φh final state via the small, poorly understood, uu component of the φ resonance.
Concerning neutral B decays, recent intriguing preliminary results from BABAR and Belle on the time-
dependent CP asymmetry in the decay B0 → φ K0
S
[16] [17] have raised questions among theorists about
the magnitude of the b→ uW−(us), uu→ ss rescattering contribution1 to theB0 → φK0 decay amplitude
(Fig. 1-8). If the rescattering amplitude is indeed significant in B0 → φK0, it should also be significant
(and, in fact, larger by a factor cotg(θCabibbo) ≈ 4.4) in B± → φpi±. By establishing an upper limit on
BR(B± → φpi±), analyses quite stringently constrain the magnitude of the rescattering contribution to
B0 → φK0.
Speculations about the rescattering amplitude aside, the B → φpi decay rate is sensitive to new physics as
well: it is strongly color- and CKM-suppressed in the SM, and a measurement of B(B → φpi >∼ 10−7
would serve as evidence for new physics.
Additional reasons to be interested in a detailed study of the b→ s(d)ss processes include their sensitivity
to QCD dynamics and to the poorly measured CKM matrix element Vts.




The design of BABAR detector [4, 5] was planned to allow studies of CP violation, together with searches of
several rare B meson decays. The PEP-II B factory is a high luminosity e+e− collider, which operates at
the center-of-mass (CM) energy of 10.58 GeV on the Υ (4S) resonance.
Υ (4S) resonance exclusively decays in B0B0 or B+B− pair with almost equal probabilities. This leads
to a clean environment, characterized by a good signal-to-noise ratio ( σbbσtot ' 0.28) and low mean track
multiplicity per event (' 11). Event reconstruction and background rejection benefit by the kinematic
constraint on momentum and energy of each B in CM frame. In PEP-II the electron beam of 9 GeV collides
head-on with the positron beam of 3.1 GeV, thus resulting in a Lorentz boost of the Υ (4S) resonance of
βγ = 0.56 in the laboratory frame. Considering Eq. 1.7, it is evident that a measure of CP asymmetry can
be obtained through a measurement of ∆t, the time interval between the B decays: ∆t = tCP − ttag . If the
B momenta are known, ∆t can be obtained by measuring the decay point distance ∆z. Using a symmetric
e+e− collider operating at the Υ (4S) resonance, the two B are created almost at rest and the decay point
distance would be calculated considering the small phase space left once B masses have been subtracted
from the Υ (4S) mass




Given the total energy of each B, the kinetic energy is
√
E2B −m2B = p = mBβγ = 0.341 GeV
getting:
βγ = 0.065 ∼ β
with the approximation of γ ∼ 1 (the system is non-relativistic). The B decay length would then be
λB = βτc = 0.065 · 468 µm ' 30.42 µm
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which is a quite small value with respect to a typical vertex detector resolution (∼ 50µm). If a boost is
applied along the z-axis, it results in a larger value of βγ so that the average B meson decay distance ∆z is
increased to values within the detector resolution.
The very small branching ratios of B meson to CP eigenstates, typically of the order of 10−4, the need for
full reconstruction of final states with two or more charged particles and several pi0 and the need of tagging
the second neutral B, place stringent requirements on the detector, which should have:
• a large and uniform acceptance down to small polar angle, relative to the boost direction (forward);
• excellent reconstruction efficiency for charged particles down to momenta of 60 MeV/c and for
photons of energy down to 20 MeV;
• very good momentum resolution to separate small signals from background;
• excellent energy and angular resolution for photons detection from pi0 and η0 decays, and from
radiative decays in the range of energy from 20 MeV to 4 GeV;
• very good vertex resolution, both transverse and parallel to beam direction
• efficient electron and muon identification. This feature is crucial for tagging the B flavor, for recon-
struction of charmonium states, and for studies of decays with leptons;
• efficient and accurate identification of hadrons over a wide range of momenta for B flavor tagging
and for exclusive states reconstruction.
Fig. 2-1(top) shows a longitudinal view of the detector, while an end view is shown in Fig.2-1(bottom). A
conventional right-handed coordinate system is defined: the z-axis coincides with the principal axis of the
DCH , oriented toward the positron direction, while the x-axis points upward. The polar angle coverage
extends down to 0.35 mrad in the forward direction and to 0.4 mrad in the backward region. These limits
are determined by the permanent dipole (B1) and permanent quadrupoles (Q1) magnets of PEP-II. In order
to improve the coverage in the forward region, the whole detector is offset relative to the interaction point
(IP) by 37 cm in the forward direction.
In the following, a detailed presentation of design, construction and performance of the main components
of BABAR detector is provided.
2.2 The PEP-II B factory
PEP-II is an e+e− storage ring system, designed to operate at a CM energy equal to the Υ (4S) resonance
mass, 10.58 GeV. Design parameters of PEP − II are presented in Tab. 2-1. Instant luminosity and
daily integrated luminosity exceed right now the project values, having recently achieved the peak value of
9.213 · 1033cm−2s−1 and a daily integrated luminosity of 370 pb−1.
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Figure 2-1. Longitudinal(top) and end(bottom) views of the BABAR detector. Units are mm
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Parameters Design Typical
Energy HER/LER (GeV) 9.0/3.1 9.0/3.1
Current HER/LER (A) 0.75/2.15 0.7/1.3
# of bunches 1658 553-829
Bunch spacing (ns) 4.2 6.3-10.5
σLx(µm) 110 120
σLy(µm) 3.3 5.6
σLz (mm) 9 9
Luminosity (1033cm−2s−1) 3 9.213
Luminosity ( pb−1/d) 135 370
Table 2-1. PEP −II beam parameters. Values are given both for the design and for typical colliding beam
operation. HER and LER refer to the high energy e− and low energy e+ ring, respectively. σLx, σLy and
σLz refer to the horizontal, vertical and longitudinal RMS size of the luminous region.
Data are collected mostly at Υ (4S) peak; they are referred to as on-resonance data. The main processes
active at the Υ (4S) are summarized in Tab. 2.2; light (u, d, s) and charm quark pairs production is usually
referred to as continuum production. While most of the data are recorded at peak, about 10% are taken at a
CM energy 40 MeV lower than Υ (4S) resonance, to allow studies of continuum, and are called off-resonance
data.









Table 2-2. Production cross-sections at
√
s = M(Υ (4S)). The e+e− cross-section is the effective cross-
section, expected within the experimental acceptance.
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2.2.1 Luminosity





where n is the number of bunches in a ring, f is the bunch crossing frequency, N1,2 are the number of
particles in each bunch, and A is their overlap section.
The machine has surpassed the design performances, reaching a peak luminosity of L = 9.213 · 1033
cm−2s−1, with a significantly lower number of bunches.
Fig. 2.2.1 shows the integrated luminosity provided by PEP-II collider in the period October 1999 -
December 2004, along with the integrated luminosity recorded by BABAR detector, that is 212.10 fb−1
collected at the Υ (4S) resonance, plus 31.94 fb−1off-resonance. This analysis uses the whole data sample.
2.2.2 Machine background
Beam-generated background causes high single-counting rates, data acquisition dead times, high currents
and radiation damage of both detector components and electronics. This results in lower data quality and
may limit the lifetime of the apparatus. For this reason the background generated by PEP-II has been
studied in detail and the interaction region has been carefully designed. Furthermore, background rates are
continuously monitored during data acquisition to prevent critical operation conditions for the detector.
The primary sources of machine-generated background are:
• synchrotron radiation in the proximity of the interaction region. A strong source of background
(many kW of power) is due to beam deflections in the interaction region. This component is limited
by channeling the radiation out of BABAR acceptance with a proper design of the interaction region and
the beam orbits, and placing absorbing masks before the detector components;
• interaction between beam particles and residual gas in either ring. This can have two different
origins: beam gas bremsstrahlung and Coulomb scattering. Both types of interaction cause an escape
of beam particles from their orbit. This background represents the primary source of radiation damage
for the inner vertex detector and the principal background for the other detector components;
• electromagnetic showers generated by beam-beam collisions. These showers are due to energy de-
graded e+e− produced by radiative Bhabha scattering and hitting the beam pipe within a few meters
of the IP. This background is proportional to the luminosity of the machine and whereas now is under
control, is expected to increase in case of higher operation values.
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Figure 2-2. PEP-II delivered and BABAR recorded luminosity from the beginning of data taking.
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2.2.3 Detector Overview
The BABAR detector was designed and constructed in such a way to fulfill all the above requirements. A
cutaway picture of the detector is shown in Fig. 2-1.
The main subsystems are:
1. the Silicon Vertex Tracker (SVT), which provides very accurate position information for charged
tracks. In addition it is the only tracking device for charged particles with very low transverse mo-
mentum, down to transverse momenta of p⊥ ∼ 50MeV/c. This is especially important to reconstruct
D∗ → D0pi+s decays, where the ’slow’ pion pis has very low energies;
2. the Drift Chamber (DCH), surrounding the vertex detector, has a helium-based gas mixture in order to
minimize multiple scattering. It provides the main momentum measurements for charged particles. In
addition, the specific ionization measurements (dE/dx ) are used for identification of low momentum
particles;
3. the Detector of Internally Reflected ˘Cerenkov light (DIRC) is a novel device designed for charged
hadron particle identification;
4. the Electromagnetic Calorimeter (EMC), which consists of Cesium Iodide crystals, is the most im-
portant detector for electron identification (by means of the ratio Ep of the deposited energy E and
measured momentum p). It has a forward endcap to take into account the laboratory frame boost
which the B decay products are affected of. In addition, its measurements of neutral particles are
crucial for the determination of the distributions of interest in B0 → J/ψK0
L
decays;
5. a superconducting solenoid surrounds the detector and produces a 1.5 T axial magnetic field;
6. the Instrumented Flux Return (IFR) which provides muon and neutral hadron identification;
The next few sections will describe the individual detector components. The subdetectors involving K 0L
reconstruction are described aside in next chapter.
2.3 Tracking System
The charged particle detection and track parameter determination system consists of two components: the
Silicon Vertex Tracker (SVT) and the Drift Chamber (DCH). In particular, angles and positions, measured
by the SVT, are used to determine the B meson decay vertices, whereas the track curvature, in the DCH,
gives momentum determination. Tracks reconstructed in SVT and DCH are also extrapolated to the other
detector components (DIRC, EMC and IFR). Since the average momentum of charged particles is less than
1 GeV/c , the precision of the measured track parameters is mostly affected by multiple Coulomb scattering
in the detector material. Thus a special attention is devoted to the components design in order to limit the
overall amount of active material in the tracking region. The global coordinate system is defined by the
DCH position. Because of either seismic activity or local deformation due to magnet quenches or detector
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access, the SVT modules move with respect to the DCH. The alignment procedure is performed using tracks
from e+e− → µ+µ− events and cosmic rays.
2.3.1 Silicon Vertex Tracker
The charged particle tracking system is made of two components, the silicon vertex tracker (SVT) and
the drift chamber (DCH) and its principal purpose is the efficient detection of charged particles and the
measurement of their momentum and angles with high precision.
The SVT [6] has been designed to provide precise reconstruction of charged particle trajectories and decay
vertices near the interaction region for the measurement of the time-dependent CP asymmetry [7], which
requires a vertex resolution along the z-axis better than 80µm. A resolution of ∼100µm in the plane
perpendicular to the beam line is achieved. Many of the decay products of B mesons have low pt. The
SVT also gives stand-alone tracking for particles with transverse momentum less than 120 MeV/c, the
minimum that can be measured reliably in the DCH alone. This feature is fundamental for the identification
of slow pions from D∗ decays: a tracking efficiency of 70% or more is achieved for tracks with a transverse
momentum in the range 50-120 MeV, with respect to an efficiency of ∼ 95% for pT > 300 MeV/c. The
SVT is composed of five layers of detectors (see Fig. 2-3) that are assembled with modules with readout at













Figure 2-3. Schematic view of SVT: longitudinal section
The inner three layers provide position and angle information for vertices and are mounted as close to the
beryllium beam pipe as practical (first layer at a radius r = 3.2 cm), thus minimizing the impact of multiple
scattering in the beam pipe. The outer two layers are at much larger radius (fourth layer at r = 12.4 cm),
providing the coordinate and angle measurements needed to link SVT and DCH track segments (see Fig.
2-4).
To fulfill the physics requirements, the spatial resolution, for perpendicular tracks, must be 10–15µm in
the three inner layers and about 40µm in the two outer layers. The inner three layers perform the impact
parameter measurements, while the outer layers are necessary for pattern recognition and low pt tracking,
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give redundant information to inner modules and allow track association between SVT and DCH. The five
layers of double-sided silicon strip sensors, which form the SVT detector, are organized in 6, 6, 6, 16, and
18 modules, respectively. The modules of the inner three layers are straight, while the modules of layers
4 and 5 are arch-shaped (see Fig. 2-3 and 2-4). This arch design was chosen to minimize the amount of
silicon required to cover the solid angle, while increasing the crossing angle for particles near the edges of
acceptance. In order to minimize the material in the acceptance region, the readout electronics are mounted
entirely outside the active detector volume. The total active silicon area is 0.96 m2 and the material traversed
by particles is ∼ 4% of a radiation length. The geometrical acceptance of SVT is 90% of the solid angle in
the CM system, typically 86% is used in charged particle tracking.








Figure 2-4. Schematic view of SVT: transverse section
The spatial resolution is determined by measuring the distance (in the plane of the sensor) between the track
trajectory and the hit, using high-momentum tracks in two prong events. The SVT hit resolution for z and
φ side hits as a function of track incident angle for each of the five layers is shown in Fig. 2-5.
The measured resolutions are in excellent agreement with expectations from Monte Carlo simulations. The
double-sided sensors provide up to ten measurements per track of dE/dx. For every track with signals from
at least four sensors in the SVT, dE/dx mean is calculated. For minimum ionizing particles (MIPs), the
resolution on dE/dx is approximately 14%. A 2σ separation between the kaons and pions can be achieved
up to momenta of 500 MeV/c and between kaons and protons beyond 1 GeV/c.
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Figure 2-5. SVT hit resolution in the z (left) and φ (right) coordinates, plotted as a function of track
incident angle. Each plot shows a different layer of the SVT. The plots in the φ coordinate for layers 1-3
are asymmetric around φ = 0 because of the “pinwheel” design of the inner layers.
2.3.2 Drift Chamber
The Drift Chamber, or DCH, is the BABAR main tracking device. It supplies high precision measurements of
charged particle momenta and angles, through measurements of track curvature inside the 1.5 T magnetic
field and it contributes also to particle identification (PID) process by measuring the energy loss due to
ionization (dE/dx ); a resolution of about 7.5% allows a pi/K discrimination in the momentum range up to
700 MeV/c. The DCH is a compact design, 280 cm-long cylinder with an inner radius of 23.6 cm and an


















Figure 2-6. Longitudinal section of the DCH with principal dimensions; the chamber center is offset by
370 mm from the interaction point. Numbers are in mm
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The forward and rear aluminum end-plates are 12 mm and 24 mm thick respectively. The readout electron-
ics are mounted on the backward end-plate, minimizing, in this way, the amount of material in the forward
direction and thus preventing performances degradation for the outer BABAR detector components.
Since momentum resolution is limited by multiple scattering in the inner cylinder, DCH is built using light
materials, low mass wires and helium-based gas mixture. The mixture of 80% helium and 20% isobutane is
chosen to provide good spatial and dE/dx resolution, and a reasonably short drift time, while minimizing
the material.
A longitudinal section of the BABAR DCH is shown in Fig.2-6. The DCH may be imagined organized into
7104, 1.2 x 1.8 cm, hexagonal cells clustered in 40 concentric layers. Each hexagonal cell consists of one
sense wire surrounded by six field-shaping wires; in such a configuration an approximate circular symmetry
of the equipotential contours is reached over a large portion of the cell. The field wires are at ground
potential, while a positive high voltage is applied on the sense wire.
The 40 layers are grouped by into super-layers. Fig. 2-7(b) shows the four innermost superlayers. A
complete symmetry along the z-axis does not allow the track position reconstruction along that direction.
For this reason two different wire types are used: the wire type A, parallel to the z-axis, provides position
measurements in the x − y plane, while longitudinal position information is obtained with wires placed at
small angles with respect to the z axis (U or V wire type). Sense and field wires have the same orientation
in each super-layer and are alternating following the scheme AUVAUVAUVA.
The design value for the spatial resolution for single hits in DCH is 140 µm. The single cell resolution,
obtained from all charged tracks in hadronic events, is shown in Fig. 2-8(a) for a working voltage around
1960 V ; its mean value is ∼ 125 µm. The chamber hit timing information is reconstructed using TDCs.
Flash-ADCs are used to monitor the shape of pulse signal as a function of time. Both information are
fundamental to reconstruct the energy deposit inside the cells. A correction for the gain factor is computed
as function of a known injected amount of charge.
Apart from precise measurements of charged particle momenta and directions, the drift chamber also pro-
vides particle identification by the determination of the ionization loss dE/dx. Corrections to dE/dx
due to saturation, cell internal and single wire path lengths and layer gain are computed during offline
reconstruction phase1 . Bhabha events (i.e. e+e−→ e+e−) are used to determine the resolution on the mean
of energy loss, which is (Fig. 2-8(b)) of about 7.5%.
2.3.3 Detector of Internally Reflected ˘Cerenkov Light (DIRC)
Above ∼ 700 MeV/c the dE/dx information does not allow to separate pions and kaons. BABAR has
therefore a dedicated PID subdetector. It is a new type of ring-imaging Cˇerenkov detector called DIRC [8].
It was designed to be able to provide pi/K separation of ∼ 3σ or greater for all tracks from B-meson decays
from the pion ˘Cerenkov threshold up to 4.2 GeV/c . The phenomenon of ˘Cerenkov light emission is widely
1All correction have been proved to be stable as a function of time
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Figure 2-7. DCH: view of a single cell(a) and schematic layout of drift cells for the four innermost
superlayers(b). Lines have been added between field wires to aid in visualization of the cell boundaries.
The numbers on the right side give the stereo angles (mrad) of sense wires in each layer. The 1 mm-thick
beryllium inner wall is shown inside of the first layer.
used in particle detectors technology. A charged particle traversing a medium with a velocity of β greater
than the speed of light in that medium (that is β > 1n , where n is the medium refraction index) emits
directional electromagnetic radiation (called Cˇerenkov light). The angle of emission θc of the photons with





where β = vc , v is the particle velocity, and c the light velocity.
Thus, the measurement of θc determines β and, given the momentum of the particle (measured in the
DCH), the mass of the particle can be obtained. The DIRC (Fig. 2-9) is placed before the electromagnetic
calorimeter. In order to minimize the worsening of the energy resolution and volume, and hence cost, of
the electromagnetic calorimeter, the DIRC has been designed to be thin and uniform in terms of radiation
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Figure 2-8. (a) DCH single hit resolution. (b) dE/dx resolution for Bhabha electrons
lengths. Moreover, for operation at high luminosity, it needs fast signal response, and should be able to
tolerate high background.
Fig. 2-10 show a schematic view of DIRC geometry and basic principles of Cˇerenkov light production,
transport and image reconstruction.
Since particles are produced mainly forward in the detector because of the boost, the DIRC photon detector
is placed at the backward end: the principal components of the DIRC are shown in fig. (2-9). The DIRC
is placed in the barrel region and consists of 144 long, straight bars arranged in a 12-sided polygonal
barrel. The bars are 1.7 cm-thick, 3.5 cm-wide and 4.90m-long: they are placed into 12 hermetically sealed
containers, called bar boxes, made of very thin aluminum-hexcel panels. Within a single bar box, 12 bars
are optically isolated by a ∼ 150 µm air gap enforced by custom shims made from aluminum foil.
The radiator material used for the bars is synthetic fused silica: the bars serve both as radiators and as light
pipes for the portion of the light trapped in the radiator by total internal reflection. Synthetic silica has been
chosen because of its resistance to ionizing radiation, its long attenuation length, its large index of refraction,
its low chromatic dispersion within its wavelength acceptance.
The ˇCerenkov radiation is produced within these bars and is brought, through successive total internal
reflections, in the backward direction outside the tracking and magnetic volumes: only the backward end
of the bars is instrumented. A mirror placed at the other end on each bar reflects forward-going photons to
the instrumented end. The ˇCerenkov angle at which a photon was produced is preserved in the propagation,
modulo some discrete ambiguities (the forward-backward ambiguity can be resolved by the photon arrival-
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Figure 2-10. Schematics of the DIRC fused silica radiator bar and imaging region.
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time measurement, for example). The DIRC efficiency grows together with the particle incidence angle
because more light is produced and a larger fraction of this light is totally reflected. To maximize the
total reflection, the material must have a refractive index (fused silica index is n = 1.473) higher than the
surrounding environment (the DIRC is surrounded by air with index n = 1.0002).
Once photons arrive at the instrumented end, most of them emerge into a water-filled expansion region,
called the Standoff Box: the purified water, whose refractive index matches reasonably well that of the bars
(nH2O = 1.346), is used to minimize the total internal reflection at the bar-water interface.
The standoff box is made of stainless steel and consists of a cone, cylinder and 12 sectors of PMTs: it
contains about 6000 liters of purified water. Each of the 12 PMTs sectors contains 896 PMTs in a close-
packed array inside the water volume: the PMTs are linear focused 2.9 cm diameter photo-multiplier tubes,
lying on an approximately toroidal surface.
The DIRC is intrinsically a three-dimensional imaging device, giving the position and arrival time of the
PMT signals. The three-dimensional vector pointing from the center of the bar end to the center of the PMT
is computed, and then is extrapolated (using Snell’s law) into the radiator bar in order to extract, given the
direction of the charged particle, the Cˇerenkov angle. Timing information is used to suppress background
hits and to correctly identify the track emitting the photons.
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In this chapter, BABAR subdetectors involved in K 0
L
reconstruction are described. We also introduce the main
techniques used for K0
L
discrimination.
Because of their long lifetime, K0
L
mesons typically do not decay inside the tracking volumes. Thus, it
is necessary to look for inelastic nuclear interaction either in the Instrumented Flux Return (IFR) or in
the Electromagnetic Calorimeter (EMC). From studies in Monte Carlo fully simulated events (hadronic
simulation performed by GEISHA), we find that 68% and 39% of K 0
L
produce hits in EMC and IFR
respectively. As the two subdetector efficiencies vary during the Run periods, the relative amount of IFR
(EMC) detections are not constant. These values come from a weighted average of the past four run periods.
Figure 3-1 shows the deposited energy of K0L from B0 → J/ψK0L MC events in EMC.
Section 3.1 will describe the BABAR subsystems that mostly contribute to K 0
L
identification, their issues and
performances along the detector run periods. In subsection 3.1.3 is presented the Instrumented Flux Return
upgrade, performed in Summer 2004, in which I personally took part. Section 3.2 will present the methods
used for background rejection, primarily of photons, that are used in this analysis.
3.1 The Electromagnetic Calorimeter and Instrumented Flux Return
3.1.1 The Electromagnetic Calorimeter EMC
The electromagnetic calorimeter (EMC) is designed to measure electromagnetic showers with excellent
efficiency, energy and angular resolution over the energy range from 20 MeV to 9 GeV . The understanding
of CP violation in the B meson system requires the reconstruction of final state containing a direct pi 0, or
that can be reconstructed through a decay chain containing one or more pi0s. Moreover, by identifying
electrons the EMC contributes to the flavor tagging of neutral B-mesons via semi-leptonic decays, to the
reconstruction of vector mesons like J/ψ and to the study of semi-leptonic and rare decays of B and D
mesons, and τ leptons.
The upper bound of the energy range is set by the need to measure QED processes, like e+e− → e+e−(γ)
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Figure 3-1. Emc cluster energy distribution for KL candidates from B → ψKL decay.
efficient reconstruction ofB-mesons decays containing multiple pi0s and η0s. The measurement of very rare
decays containing pi0s in the final state (for example, B0 → pi0pi0) puts the most stringent requirements
on energy resolution, expected to be of the order of 1 − 2%. Below 2 GeV energy, the pi0 mass resolution
is dominated by the energy resolution, while at higher energies, the angular resolution becomes dominant
and it is required to be of the order of few mrad. The EMC is also used for electron identification and for
completing the IFR output on µ and K0L identification. It also has to operate in a 1.5T magnetic field.
The EMC has been chosen to be composed of a finely segmented array of thallium-doped cesium iodide
(CsI(Tl)) crystals. The crystals are read out with silicon photodiodes that are matched to the spectrum of
scintillation light. The energy resolution of a homogeneous crystal calorimeter can be described empirically









where E and σE (measured in GeV) refer to the energy of a photon and its r.m.s. error. The energy
dependent term a arises basically from the fluctuations in photon statistics. Other sources are the electronic
noise of the photon detector and electronics and from the beam-generated background that leads to large
numbers of additional photons. This first term dominates at low energy, while the constant term b is
dominant at higher energies (> 1 GeV). The latter derives from non-uniformity in light collection, leakage
or absorption in the material in front of the crystals and uncertainties in the calibration.
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Figure 3-2. The electromagnetic calorimeter layout in a longitudinal cross section and a schematic view of
the wrapped CsI(Tl) crystal with the front-end readout package mounted on the rear face (not to scale).




The angular resolution is determined by the transverse crystal size and the distance from the interaction
point: it can be empirically parameterized as a sum of an energy-dependent and a constant term




where E is measured in GeV. In CsI(Tl), the intrinsic efficiency for photon detection is close to 100% down
to a few MeV, but the minimum measurable energy in colliding beam data is about 20 MeV for the EMC:
this limit is determined by beam and event-related background and the amount of material in front of the
calorimeter. Thallium-doped CsI meets the needs of BABAR in several ways. Its properties are listed in Table
3-1. The high light yield and small Molie`re radius allow for excellent energy and angular resolution, while
the short radiation length allows for shower containment at BABAR energies with a relatively compact design.
Parameter Values
Radiation length 1.85 cm
Molie´re radius 3.8 cm
Density 4.53 g/ cm3
Light yield 50.000 γ/ MeV
Light yield tem. coeff. 0.28% /C
Peak emission λmax 565 nm
Refractive index (λmax) 1.80
Signal decay time 680 ns (64%)
3.34 µs(36%)
Table 3-1. Properties of CsI(Tl)
The BABAR EMC consists of a cylindrical barrel and a conical forward end-cap: it has a full angle coverage
in azimuth, while in polar angle it extends from 15.8◦ to 141.8◦ corresponding to a solid angle coverage of
90% in the CM frame. Radially the barrel is located outside the particle ID system and within the magnet
cryostat: the barrel has an inner radius of 92 and an outer radius of 137.5 cm and it’s located asymmetrically
with respect to the interaction point, extending 112.7 cm in the backward direction and 180.1 cm in the
forward direction. The barrel contains 5760 crystals arranged in 48 rings with 120 identical crystals each:
the end-cap holds 820 crystals arranged in eight rings, adding up to a total of 6580 crystals. They are
truncated-pyramid CsI(Tl) crystals: they are tapered along their length with trapezoidal cross-sections with
typical transverse dimensions of 4.7 × 4.7 cm2 at the front face, flaring out towards the back to about
6.1× 6.0 cm2. All crystals in the backward half of the barrel have a length of 29.6 cm: towards the forward
end of the barrel, crystal lengths increase up to 32.4 cm in order to limit the effects of shower leakage from
increasingly higher energy particles. All end-cap crystals are of 32.4 cm length. The barrel and end-cap
have total crystal volumes of 5.2 m3 and 0.7 m3, respectively. The CsI(Tl) scintillation light spectrum has a
peak emission at 560 nm: two independent photodiodes view this scintillation light from each crystal. The
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readout package consists of two silicon PIN diodes, closely coupled to the crystal and to two low-noise,
charge-sensitive preamplifiers, all enclosed in a metallic housing.
A typical electromagnetic shower spreads over many adjacent crystals, forming a cluster of energy deposit:
pattern recognition algorithms have been developed to identify these clusters and to differentiate single clus-
ters with one energy maximum from merged clusters (bumps) with more than one local energy maximum.
Clusters are required to contain at least one seed crystal with an energy above 10 MeV: surrounding crystals
are considered as part of the cluster if their energy exceeds a threshold of 1 MeV or if they are contiguous
neighbors of a crystal with at least 3 MeV signal. The level of these thresholds depends on the current level
of electronic noise and beam-generated background.
A bump is associated with a charged particle by projecting a track to the inner face of the calorimeter: the
distance between the track impact point and the bump centroid is calculated and if it is consistent with the
angle and momentum of the track, the bump is associated with this charged particle. Otherwise it is assumed
to originate from a neutral particle.
On average, 15.8 clusters per hadronic event are detected: 10.2 are not associated to any charged particle.
Currently, the beam-induced background contributes on average with 1.4 neutral clusters with energy above
20 MeV.
 (GeV)γγm







































Figure 3-3. The invariant mass of two photons from pi0 decays (left) and efficiency for electron
identification and pion mis-identification probability (right) in BB events. The solid curve on the left is
a fit to 3.1. In the right plot the energies of the photons and the pi0 are required to exceed 30 MeV and 300
MeV respectively.
At low energy, the energy resolution of the EMC is measured directly with the radiative calibration source
yielding σE/E = 5.0±0.8% at 6.13 MeV. At high energy, the resolution is derived from Bhabha scattering
where the energy of the detected shower can be predicted from the polar angle of the electrons and positrons.
The measured resolution is σE/E = 1.9 ± 0.1% at 7.5 GeV.




The angular resolution measurement is based on the analysis of pi0 and η decays to two photons of ap-
proximately equal energy: the resolution varies between about 12 mrad at low energy and 3 mrad at high
energies.
Left plot in Fig. 3-3 shows the two-photon invariant mass in BB events: the reconstructed pi0 mass is
measured to be 135.1 MeV/c2 and is stable to better than 1% over the full photon energy range. The width
of 6.9 MeV/c2 agrees well with the prediction obtained from detailed Monte Carlo simulation.
The EMC electron identification is based on the shower energy, lateral shower moments and track momen-
tum to separate electrons from charged hadrons. In addition, the dE/dx energy loss in the DCH and the
DIRC ˇCerenkov angle are required to be consistent with an electron. The most important variable for hadron
discrimination is the ratio of shower energy to track momentum (E/p). Right plot in Fig. 3-3 shows the
efficiency for electron identification and the pion mis-identification probability as functions of momentum.
The electron efficiency is measured using radiative Bhabha and e+e− → e+e−e+e− events, while the pion
mis-identification uses selected charged pions from K 0S decays and three-prong τ decays: a tight selector
results in an efficiency plateau at 94.8% above 1 GeV/c and a pion mis-identification probability of the
order of 0.2%.
3.1.2 The Instrumented Flux Return IFR
The BABAR Instrumented Flux Return (IFR) was mainly designed for muon and neutral hadron identification.
High efficiency and good purity muon detector is crucial for flavor tagging of B mesons via semileptonic
decays, for the reconstruction of vector mesons, like J/ψ , and for the study of semileptonic and rare decays
involving leptons from B and D mesons and τ leptons. For this purpose, the IFR is required to satisfy some
features: a large solid angle coverage, 170 ≤ θlab ≤ 1500; good efficiency and high background rejection
for muons down to momenta below 1 GeV/c . For neutral hadrons, primarily K 0
L
and neutrons, over a wide
range of momenta and angles, high efficiency and good angular resolution are most important.
The iron structure (see Fig. 3-4) used for the magnetic field return joke, consists of three sectors: the
hexagonal barrel, surrounding the solenoid, made of 6 sextants covering the radial distance between 1.820
m and 3.045 m with a length of 3.750 m (along z axis), the forward and backward endcaps covering the
positive and negative z direction respectively. The detector function is performed by steel segmentation
in layers and by equipping the gaps between them with resistive plate chambers (RPC) [9]. These detect
streamers from ionizing particles; the signals are read out on both sides of the gap by external electrodes
made of aluminum strips. There are 19 RPC layers in the barrel and 18 in the endcaps. Iron plates have
a thickness ranging from 2 cm, for the inner ones placed nearest to the interaction region, to 10 cm for
the outer ones. This non-uniform segmentation with iron plates whose thickness increases with distance
from beam line is the result of optimization studies. In addition, two layers of cylindrical RPC are installed
between the EMC and the magnet cryostat to increase the K 0L reconstruction efficiency. To permit access to
the inner subdetectors, each endcap is vertically subdivided into two halves.
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Figure 3-4. Overview of the IFR: barrel sectors and forward (FW) and backward (BW) end doors; the shape
of the RPC modules and their dimensions are indicated.
An RPC section is shown in Fig. 3-5. A planar RPC consists of two bakelite 2 mm -thick sheets separated
by a gap of 22 mm and enclosed at the edge by a 7 mm wide frame. The gap width is kept uniform by
polycarbonate spacers (0.8 cm2), glued to the bakelite, spaced at distances of about 10 cm .
The bakelite sheet bulk resistivity has been specially tuned to 1011 − 1012Ωcm. The external surfaces are
coated with graphite to achieve a resistivity of 100 kΩcm and are connected to high voltage (typically 7.6
kV ) and ground, protected by an insulating mylar film. The inner surface of the bakelite sheets are treated
with linseed oil for noise reduction. The gap is filled with a non-flammable gas mixture (approx 56.7%
Argon, 38.8% Freon-134a, and 4.5% isobutane). The RPC are operated in limited streamer mode, and the
signal is read out capacitively by external electrodes made of aluminum strips on a mylar substrate. Strips
are mounted, on both sides of the gap, running one side in perpendicular with respect to the other direction
in order to obtain a two-dimensional measurement of the particle position. The signal, induced on a strip,
moves toward the readout electronics connected at one end.
The cylindrical RPC are provided with orthogonal readout strips: the inner layer has helical strips which run
parallel to the diagonals of the chambers, while the outer layer has axial and azimuthal strips. On the whole,
there are 806 RPC modules of different shapes and sizes in the IFR, covering an area of about 2000 m2 . In
Table 3.1.2 the main geometrical features of IFR are reported.
In coincidence with an event, hits from different layers are grouped into a charged cluster if they can be
associated to a track detected in the SVT and DCH. The track is extrapolated to the IFR taking into account
the non-uniform magnetic field, the multiple scattering, and the average energy loss. Then the projected



























Figure 3-5. Cross section of a planar RPC with the schematics of the high voltage (HV) connection.
Section # of Coordinate # of readout # strips Strip length Strip width Total#
sectors layers layer/sect (cm) (cm) channels
Barrel 6 φ 19 96 350 19.7-32.8 ≈11,000
z 19 96 190-318 38.5 ≈11,000
Endcap 4 y 18 6 x 32 124-262 28.3 13,824
x 18 6 x 64 10-180 38.0 ≈15,000
Cylinder 4 φ 1 128 370 16.0 512
z 1 128 211 29.0 512
u 1 128 10-422 29.0 512
u 1 128 10-423 29.0 512
Table 3-2. IFR readout segmentation. The total number of channels is close to 53,000
intersections with the RPC planes are computed, and finally all the hits, within a predefined distance from
predicted intersection, are associated to the track.
The IFR is the primary detector for muons identification. The muon identification efficiency has been
measured using µ+µ− (γ) events and two-photons production of µ+µ− pairs. The mean efficiency during
1999-2000 years has been ∼ 78% for the barrel and ∼ 87% for the endcap, less than the one measured in
June 1999 (∼ 92%). Barrel efficiencies are still decreasing and are now at ∼ 40% level (see Fig. 3-6).
This started a remediation project which ended by replacing RPCs in the forward endcap in 2002, whose
corresponding efficiencies are greater than 90% right now.
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Figure 3-6. Average efficiency of the barrel RPC chambers as a function of date, in month, since June 1999.
Squares (blue) are all RPCs with efficiency greater than 10%, open circles (red) are all RPCs and full circles
(green) are all RPCs with efficiency less than 10%
3.1.3 The IFR Upgrade Project
The RPC efficiencies have been greatly reduced since their first operation and are still deteriorating. Many
bad BABAR RPC chambers have been visually checked and they revealed that in many cases linseed oil formed
droplets on the inner surface of bakelite plates of the chambers. Those oil “extrusions” can explain the large
dark currents and efficiency drops characterizing those bad chambers. On December 2002 a replacement of
the current BABAR RPC with plastic Limited Streamer Tubes (LST) in the barrel region, where the efficiencies
are the lowest, was proposed [10].
A “standard” LST configuration consists of a silver plate wire of 100 µm in diameter, located at the center
of a cell of 9× 9 cm2 section. A plastic (PVC) “profile” open on one side contains 8 of such cells (see Fig.
3-7). The profile is coated with a resistive layer of graphite, strung with wires, and inserted in plastic tubes
(“sleeves”) of matching dimension for gas containment.
The choice of some parameters for such tubes has been carried out with tests on prototypes and Monte Carlo
studies, resulting in the following requirements:
• the signals from measurements are read on both coordinates with strip planes, thereby avoiding the
complications of feedthroughs and DC-blocking capacitors typical of wire read out;
• operating voltage is typically 4.7 kV ;
• the efficiency plateau is typically at least 200 V wide;
• the signals on the wire are of the order of 200/300 mV (into 50 Ω);
• the gas mixture is strongly quenched, Ar/C4H10/CO2(2.5/9.5/88%).




The geometrical efficiency in such devices is limited by the ratio of active versus total volume in the cell.
Figure 3-7. Photo of standard LST, partially inserted in the sleeves (shown on the left).
Installation began in the first days of August 2004, and involved the upper and lower sextant of the IFR,
with the insertion, into each gap, of z-strips covering an entire sextant. These strips have been attached to
the iron and supported by gravity. Then, the modules are brought onto a support structure and inserted into
a gap on top of the strip layer. It has been decided to leave a space of about 3 cm at one edge of each sextant
layer for contingency in providing services and any extra cabling needed.
Apart from the installation itself, most of the work done at SLAC consisted in Quality Control (QC) tests
performed on tubes. For the two sextant upgrade, 188 modules were necessary, while about 250 modules
were available on site. This allowed the possibility of module selection, based on performance studies, for
the installation. The typical operations applied for that discrimination were:
• tubes resistance and capacitance;
• gas leak checks;
• signal shape tests;
• single rates plateau tests, varying the voltage operating on the modules from 4.6 to 5.9 kV , with steps
of 100 V, for a period of 10 minutes;
• voltage rumping up tests, performed increasing the voltage operating on the modules to 6 kV , with
steps of 200 V, in a short period of time, and looking for the current flushing in the detector to be
lower than 2 µA;
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• long period tests, in which the modules were kept at an operating voltage of 5.8 kV for at least one
day, checking continuously the current flow in the detector.
In Fig 3-8 two examples of single-rate plateau plot are shown. On the left, a satisfying distribution is
observed, while on the right a bad single-rate measurement lead to the decision of excluding this module for
the installation.
Figure 3-8. LST single rates measurements plateaux; a satisfying plateau (left) and a plateau where two of
the four channels of the module have a bad behaviour (right) are shown
Installation procedures, as planned, have been successfully finished in October 2004.
3.2 EMC cluster shape variables
Due to the degradation of the efficiency on the IFR before the upgrade, and because of K 0
L
detection suffers
mostly from photon background in the EMC, it is mandatory to perform K 0
L
identification using the EMC
information. Photons typically interact while crossing the CsI(Tl) crystals of EMC, through the formation of
electromagnetic showers. These showers have a transverse spatial distributions which are at 99% contained
in 3RMolie`re, where RMolie`re is the Molie`re radius, whose value is 3.8 cm for BABAR calorimeter.
A K0
L
typically interacts in the EMC through a hadronic shower, which is at 99% transversally contained
inside an absorption length (∼ 34 cm for the EMC). For this reason it is natural, for a reliable K 0
L
/γ
discrimination, to parameterize the calorimeter cluster shapes using variables sensitive to the different
particle interactions inside the detector.
For hadronic/electromagnetic showers identification, the following variables are typically used:
• Number of crystals of the cluster;








where Ei is the energy of crystal i and ri is the distance of crystal i to the cluster center. This variable
gives a general information on spatial dimensions of clusters, weighted on their energy distribution;





i=2,nEi · r2i ) + 25(E0 +E1)
with the crystals in descending energy order. Lateral moment is very sensitive to cluster shapes. In
the case of a signal due to a photon shower LAT is expected to be small, since the two most energetic
crystals are not considered in the numerator. By the other hand, a hadronic shower is characterized
by a more spread energy distribution; in this case, numerator and denominator are not supposed to be
very different.
• s1s9 : the energy of the most energetic crystal (s1) divided by the energy sum of the 3x3 crystal block(s9) with the most energetic crystal in its center. So, s9 is the measurement of the energy of the eight
crystals closest to the central one;
• s9s25 : the sum of the 3x3 crystal block (s9) with the most energetic crystal in its center, divided by the
energy sum of the 5x5 crystal block (s25) with the most energetic crystal in its center. s25 represents
the measurement of the twenty-four crystals closest to the central one;
• Zernike moments |Z20| and |Z42|. Complex Zernike moments [20] are constructed using a set of
complex polynomials which form a complete orthogonal basis set, defined on the unit disc x2+y2 ≤ 1.







where m = 0, 1, ...,∞ and it defines the momentum order, f(x, y) is the function described by
the Zernike factorization and n is an integer (that can be positive or negative) depicting the angular
dependence, or rotation. It subject to the conditions:
m− |n| = even , |n| ≤ m (3.2)
Z∗m,n = Zm,−n (3.3)
The Zernike polynomials Vm,n(x, y) expressed in polar coordinates are:
Vm,n(r, θ) = Rm,n(r) · einθ
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(−1)sF (m,n, s, r)
F (m,n, s, r) =
(m− s)!
s! · (m+|n|2 − s)! · (m−|n|2 − s)!
rm−2s
It must be noted that if the conditions in Eq.3.2 and 3.3 are not met, then Rm,n(r) = 0.





Zn,m · Vn,m(r, θ)
For EMC clusters all distances are normalized by dividing them by a R0 of 15 cm. Crystals beyond
R0 are not considered. Moments with second index > 0 are θ dependent. The polynomials and the
interpretation of the most important moments are listed in Table 3.2.
Moment Polynomial Optical Interpretation
Z20 2r
2 − 1 Defocus
Z42 (4r
4 − 3r2)sin2ϕ Astigmatism 2nd order 45 degrees
Table 3-3. Definition of most used Zernike moments
All of the above shape variables, except Z42, are correlated mostly to the cluster width one way or another.
Z42 is also sensitive to cluster asymmetries, which give it additional discrimination power.






cluster shape variables comparison
4.0.1 Introduction
In this chapter, a data-MC comparison for the EMC cluster shape variables is performed. Most of the
analyses are based to MC simulated events. In order to study the agreement between data and MC for
hadronic shower generation and detection, a charged kaon sample is used. Charged kaons identification in
BABAR is achieved using the combined information of the tracking system (SVT and DCH) with the ˘Cerenkov
detector. This brings to a very high pi/K separation power, which is one of the features considered in BABAR
detector project (see 2.3.3). In Figure 4-1 distributions of K− efficiency are shown. This and the following
plots refer to a very pure K± selector. The acceptance region using SVT, DCH and DIRC for reconstruction
is 25.78◦ < θ < 146.10◦ .
Figure 4-1. Kaon efficiency for data and MC for Run4
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Figure 4-2. Misidentification efficiency for K selector: (left) refers to pis, (right) to protons, (bottom) to
muons
Pions constitute the highest background component in a kaon sample, but the use of DIRC allows for a very
good pi rejection. In Fig. 4-2(left), pion misidentification probability versus particle momentum is shown,
Fig. 4-2(right) refers to proton misidentification and Fig. 4-2(bottom) to muon misidentification.
A sample of charged kaons can be used to study EMC cluster shape variables defined in Section 3.2. The
difference in charge and mass between the neutral and the charged kaons is considered negligible. This is an
acceptable statement, if we consider that the electromagnetic shower produced by the charged kaon through
EMC has a transversal distribution lead by the Molie`re radius RMoli e`re, while the hadronic one is contained
in an absorption length λA, being λA >> RMoli e`re. Moreover, a K± sample offers higher statistics and
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4.1 K± sample
The sample considered is the kaon leg of the decay D∗ → D0pi,D0 → Kpi. In these processes, the pion
coming from D∗ decays is characterized by low momentum values, since the phase-space at its disposal is
very small. Therefore, those low-energy pions, called slow pions (pis), normally spiralize inside the tracking
subdetectors (SVT and DCH). The slow pion selections performed for the channel are:
• pion candidate from a general charged tracks list
• transverse laboratory momentum pt : 0.05 ≤ pt < 0.5GeV/c;
• number of hits on SVT≥ 6;
• number of hits in DCH≥ 6;
• point of closest approach (poca) to IP in the xy plane pocaxy: ≤ 0.2 cm;
• point of closest approach distance to the z-axis |pocaz| ≤ 3 cm.
Other cuts applied during event selection were:
• D∗ mass: 1.99 ≤ mD∗ ≤ 2.03 GeV/c2;
• D0 mass: 1.845 ≤ mD0 ≤ 1.885 GeV/c2;
• D∗ −D0 mass difference: 0.14445 ≤ ∆m(mD∗ −mD0) ≤ 0.14645 GeV/c2;
• D0 momentum in center-of-mass frame p∗D0 > 1.4GeV/c;
• Distance of closest approach (doca) on xy plane for K and pi ≤ 0.5 cm;
• D∗ helicity angle: it is defined to be as the angle between the D∗ flight direction (in laboratory frame)
and the kaon direction (in the D∗ frame). Since D∗ is a vector particle decaying through scalar states,
the helicity angle is expected to be a function of cos2θ,helicity while, given the available phase-space,
the background will be a decreasing distribution in the same variable. Therefore a cut on this angle is
applied: cosθ,helicity > − 0.9.
In figure 4-3 the mass difference between D∗ and D0 is plotted for Monte Carlo sample.
As far as K± discrimination is concerned, a tight selection was chosen, using the tracking system and DIRC
information, but not the EMC. In this way we can assume that the calorimeter cluster shape variables are
not affected by the kaon selection.
The purity of this sample, all cuts and selections considered, is ∼ 98%.
DATA-MC EMC
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Mean   0.1455
RMS    0.001133
Figure 4-3. ∆m = mD∗ −mD0 distribution for MC sample
The data sample used is the entire BABAR available on-resonance dataset (∼ 225 fb−1), while for MC a
dataset of ∼ 400 fb−1 is used. MC hadronic shower simulator is based on GEISHA model. Right now, the
more precise Bertini cascade hadronic model has replaced the previous one, and this new MC production
will be available in autumn 2005.
4.2 Data-MC comparison
For the K± sample, the variables described in 3.2 are took into consideration. A basical cut on the EMC
calibrated energy is applied. The lower limit in energy detection for the EMC is 20 MeV but a cut is
performed asking Ecal > 0.05 GeV, in order to have reliable distributions of cluster shape variables; in
fact, many of these variables are not well defined for low deposited energy. A cut on the number of crystals
of the cluster (> 3) was performed for the same reason. In Fig 4-4 the variable distributions are shown.
A secondary issue we are interested in is the dependence of these variables as function of particle momen-
tum. An evidence of independence would actually allow to use a selector based on an high (low) momenta
sample to identify also kaons with low (high) momentum. In Fig. 4-5 mean lateral moment versus particle
momentum is shown in a binned two-dimensional profile histogram. We can observe that for pKL > 1
GeV/c lateral moment is constant, while for pKL < 1 GeV/c a momentum dependence is quite evident.
4.3 Conclusions
As we can see in Fig 4-4 some variables show a good match between data and MC: these are lateral moment
and s1s9. For the Zernike moment |Z2,0|, s9s25, Ecal and the number of crystals a discrepancy is observed.
These discrepancies are likely to affect all K 0L selectors based on MC distributions, in particular if they are
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Figure 4-4. Data-MC comparison for EMC cluster shape variables; dots are the data, solid histogram MC;
plots refer to Run4 only. MC is normalized to the area of data distributions
DATA-MC EMC
CLUSTER SHAPE VARIABLES COMPARISON
50
Data-MC EMC
cluster shape variables comparison
Figure 4-5. Mean lateral moment versus momentum (run4 only)
The problem doesn’t affect K± identification, since in this case tracking system and DIRC information are
sufficient, and no EMC signal is used.
This study discloses the necessity of implementing a data-based K 0L selector. The disadvantage of this
implementation is the difficulty in isolating a pure and high statistics K 0L sample. Moreover, the use of the
data-MC mismatching variables should be avoided in selector implementation; in this way, the data-based
selector will be usable for MC studies too.
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The first control sample used for a K0L selector implementation is characterized by low momentum distri-
bution. The study described in this chapter was already performed within the BABAR collaboration in 2003,
with a smaller dataset, but needed to be updated to the entire statistics and the techniques.
5.1 D* sample
The decay channel we consider is:
e+e− → D∗+ + anything
D∗+ → D0pi+soft
D0 → K∗−pi+, K∗− → K0Lpi−
and its charge conjugate. For pisoft, a low momentum pion is intended (see sect. 4.1). Since this decay tree is
not originated from a BB pair, both on-resonance and off-resonance data are available.
One of the positive aspects of this channel is a very high statistics. The CLEO experiment [18] extracted the
e+e− → D∗X cross-section:
σ(e+e− → D∗X) = 580 ± 70 pb
The branching fraction of D∗ → D0pi and D0 → K∗pi(K∗ → K0Lpi) are respectively 0.68 and 0.7 · 10−3.




where σ is the cross-section of the process and  is the reconstruction efficiency. We expect to have∼ 207, 000
signal events, assuming an efficiency and acceptance loss of events of 50%.
As far as data are concerned, the whole BABAR dataset was used (∼ 250fb−1). For MC, signal events
were generated using GEISHA hadronic-shower simulator for K 0
L
interaction in the EMC (see. 4.1); about
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∼ 483 fb−1 were produced. For background estimation, we used the generic cc MC events (∼ 50 fb−1),
since cc background is the only one expected (see next section).
A MC distribution of K0
L
momentum for this sample is shown in Fig. 5-1. As can be observed, K 0
L
momentum has a very common range.
Figure 5-1. K0
L
momentum distribution for the sample considered; dots are signal, solid histogram is
background
5.2 Event selection
Cut choice must be tuned so that the K0L variables are not affected by selection. In this way we can assume
that the variables used for selector implementation are not influenced by cuts.
A powerful method for discriminating signal events from the other qq background exploits the differences
in their characteristic topologies. In a BB event, the decay of each B meson is nearly isotropic because it
is produced about at rest in the Υ (4S) frame. So, there is no correlation between the directions of the decay
products coming from each of the two Bs. In a contunuum event, produced by light quark (u, d and s)
hadronization the event shape has a pronounced two-jet structure, so there is a strongly preferred direction
characterizing the whole event. A cc event represents the intermediate configuration, where the jet structure
is still present, but less pronounced.
These different topologies can be discriminated introducing the sphericity variable, which provides good
separation among light qq continuum events, signal events and Bhabha processes. Sphericity is a measure
of the p2T of the tracks summed together with respect to the event axis, normalized to 1. Highly directional
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where α,β = 1, 2, 3 correspond to the x, y, z components respectively. Sphericity cut is set to be 0.1 < S < 0.85,
as suggested in [7].
Firstly, the two pions belonging to the D0 decay are searched in the event. Charged pions are selected with
a likelihood method. A likelihood is calculated for each particle hypothesis:
LK,pi,proton = LSV T ∗ LDCH ∗ LDIRC





Then, the SVT likelihood is calculated based on a Bifurcated1 Gaussian PDF, while the DCH likelihood is
based on a Gaussian PDF. The DIRC likelihood cannot be calculated in this way, since there are significant
tails on the fitted Cherenkov angle and on the number of photons. To alleviate this tails, a binned likelihood
is constructed using a “lookup” table based on MC truth matched tracks. This binned DIRC likelihood is
designed to treat the tails in the DIRC response well. Finally, the likelihood selection consists of a cut on





In Fig. 5-2, pion reconstruction efficiency (a), kaon fake rate (b) and proton fake rate (c) as functions of
momentum for the used selection are shown. The 4-momentum of the piD0 − piK∗ system is computed. At
this stage, no hypothesis is done to estimate if the process involves a D0 → K∗−pi+ decay or its charge
conjugate. The two charged pions reconstructed are considered to be both coming from the D0 decay,
ingoring the presence of a K∗ resonant state. To fully reconstruct the D0 it is necessary to get the K0L
4-momentum. For this reason, a cluster not associated to any charged track is considered into EMC or IFR.
For this purpouse, we consider the angle between the positions of the cluster and the impact point of the
nearest charged track at the EMC (IFR) surface. The 3-D angle is given by





where σL,R are the left and right standard deviations respectively
A LOW MOMENTUM K0L SAMPLE





cos[cosθclcosθtrk + sinθclsinθtrkcos(φcl − φtrk)]
We require ∆α > 0.08 for all tracks which were not classified as electrons. Since electron identification in
EMC is very reliable, no cut is made on ∆α for electron candidates.
The K0L candidate direction can be computed considering the piD0 − piK∗ vertex and EMC (IFR) cluster
position. Combining this information with the hypotesis of aD0 origin, K0L 4-momentum can be calculated.













· Epi−pi = 0





, it can eventually be derived a second degree equation, whose
solutions
pKL± =
−b±√b2 − 4a · c
2a
have parameters
a = 4[(ppi−pi · uˆKL)2 −E2pi−pi],
b = 4 · (ppi−pi · uˆKL)(m2D0 −m2pi−pi −m2KL),




KL − 2m2pi−pi(m2D0 −m2KL)− 2m2D0 ·m2KL − 4E2pi−pi ·m2KL
where uˆKL is the direction of K0L as computed considering the piD∗ −piK∗ vertex and EMC cluster position.
Only one of the two solutions is physical.
Subsequently, a fit is performed to the D0 candidate constraining its momentum to the PDG mass. Then a
slow pion is considered, and a D∗ fit is done, contraining its origin to the beam spot position; in this way we
have a fully reconstructed D∗. The low momentum pion is selected considering:
• a pi from the same list as the two pions from the D0 decay, but not overlapping with them;
• pis momentum: 0.05 < ppis < 0.65 GeV/c;
• distance of closest approach to z-axis: |docaz | < 0.2 cm;
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(a) (b)
(c)
Figure 5-2. Pion selection as function of momentum: pion reconstruction efficiency (a), kaon fake rate (b)
and proton fake rate (c) for data and MC
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• distance of closest approach to xy-plane: docaR < 3 cm;
• number of hits on SVT≥ 6;
• number of hits on DCH ≥ 11;
When the piK∗ − piD0 vertex is reconstructed, its projection on (x, y) plane is obtained and its distance with
respect to the interaction point is constrained to be larger than 0.1 cm. In the same way, the distance between
the projection on z-axis and the IP is constrained to be greater than 2 cm. These cuts are used in many BABAR
analyses to avoid the case in which the two pions are originated by a K 0S decay. Moreover, the piK∗ − piD0
vertex fit is accepted only if its fit probability is greater than 0.1%.
To improve the sample purity, some selections are performed to reduce the D∗ multiplicity per event. The
best K0L is chosen, corresponding to the one with the highest calibrated energy per cluster. Given this K 0L
candidate, the best K∗ is selected considering the one with the invariant closest to the nominal PDG one.
These choices slightly reduce the mean multiplicity of reconstructed D∗, thus decreasing background and
speeding up reconstruction code.






where S is the number of signal events and B the number of background events. This variable is inversly pro-
portional to the statistical error, so its maximization corresponds to the minimal error achievable. Correlated
variables have been optimized simultaneously.
A cut on D0 momentum in CM frame was performed. Because of its boost, a D∗ generated in a cc event
is expected to have a higher momentum with respect to one coming from a B decay (see Fig 5-3). The
optimization brought to the cut p∗D0 > 2.45 GeV/c.
Further selection is performed considering the K ∗ helicity angle. These considerations are the same shown
in sect. 4.1 for D∗. K∗ helicity angle is defined to be as the angle between K 0L direction and the pion
(directly originated from the D0 decay) one, in K∗ rest frame. Since K∗ is a vector particle decaying into
scalar states, the spatial distribution of its decay products is expected to have cos θ2helicity shape. On the
other hand, background is distributed as a decreasing function of cos θhelicity. The evidence of a different
signal/background behaviour can be observed in Fig. 5-4(a). The cut on this variable is chosen to be
cos θhelicity > 0.55. As far K∗ mass is concerned, plot is shown in Fig. 5-4(b); the cut obtained from the
optimization is 0.81 < mK∗ < 0.97 GeV/c2.
In section 4.2 we described the minimal cut required to EMC calibrated energy. Significance maximization
brought to the request of Ecal > 120 MeV.
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Figure 5-3. D0 momentum in CM frame (Monte Carlo); dots are signal, solid histogram is background
(a) (b)
Figure 5-4. Event selection: cosine of the K∗ helicity(a), K∗ mass (b); dots are signal, solid histogram is
background
As an example of the optimization process, significance distribution versus lower K ∗ mass cut is shown in
Fig 5-5. The K∗ mass cut is correlated to the cut on the cosine of the helicity angle. So the two cuts were
optimized simultaneously.
In Table 5.2 the summary of the sample selection is reported; the third coloumn quotes the relative efficiency
of the cut, that is the number of signal events surviving the cut divided by the number of events before that
cut.
A LOW MOMENTUM K0L SAMPLE
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Figure 5-5. Statistical significance vs the cut on the K∗ mass, for a fixed cut on the helicity angle
(cos θhelicity > 0.55)
Selection Value Cut efficiency
K∗ mass 0.81 < mK∗ < 0.97 GeV/c2 82%
cosine of K∗ helicity angle cos θhel > 0.55 37%
D0 momentum in CM frame p∗D0 > 2.45 GeV/c 94%
EMC calibrated energy Ecal > 120 MeV 98%
Table 5-1. Summary of D∗ event selection
5.3 ∆m fit
The signal fraction in the data sample is extracted from a fit to ∆m, which is the difference in mass
between the reconstructed D∗ and D0. This variable is parametrized with a double Gaussian (i.e. the
linear combinantion of two gaussian distributions) for signal and a threshold function for background. The
two Gaussians used to parametrize signal have been constrained to have the same mean value, but different
width. Therefore we define the narrow Gaussian the one with the smaller σ and wide Gaussian the one with
the larger one. The background function used for the fit is:
f(x)bkg = (x− x0)a · e−b(x−x0)2−c(x−x0) (5.2)
where x0 (the lower physical limit of the distribution) is the x-axis intersection point of the function fbkg and
a, b and c are shape parameters of the function. Since fbkg is very sensible to shape parameter variations,
it is necessary to perform the fit leaving a single free parameter and fixing the other three to allow the fit to
converge The tuning of the parameters is done following the χ2 minimization. Fit is performed unbinned,
and results can be seen in Fig. 5-6, where the contribution of the background and of the wide Gaussian
component of the signal are plotted. The fit results are shown in Tab. 5.3. A constant value was assigned to
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the parameter x0 of the background function (x0 = 139.5 MeV/c2) to allow the fit convergence. The signal
region of ∆m is defined as the interval [µ∆m−σII , µ∆m+σII ] (II refers to the wide Gaussian). Signal and
background are estimated with an integral. Defining the purity as NSNS+NB we obtained in our case a value
of ∼ 40%. In the previous analysis, the purity achieved for this sample was ∼ 30%.
)2deltam (GeV/c





































Figure 5-6. ∆m distribution for the whole dataset. Green is background, dashed curve corresponds to
background plus wide gaussian component for the signal
Other possible kinematical constraints, like D∗ helicity angle distribution or the angle between D0 and
pislow directions, were not applied, since they would have created a sensible bias to the ∆m distribution.
For example, a cut optimization of the cosine of D∗ helicity angle (as defined in sect. 4.1) returns the cut
cos θhel,D∗ > 0.89. In Fig. 5-7 ∆m distribution is shown in the case the cut is applied. As can be observed,
∆m distribution changed drastically, and cannot be parametrized anymore. Since our final goal is to use ∆m
to estimate the signal fraction ofK0
L
in different selection intervals of cluster shape variables, it is mandatory
to have a good and stable knowledge of its distribution and of the behaviour of the different components.
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∆m mean value (signal) 145.49 ± 0.01 MeV/c2
Signal Fraction(narrow gaussian) 0.0765 ± 0.0086
σ∆m(narrow gaussian) 0.75 ± 0.03 MeV/c2
Signal Fraction(wide gaussian) 0.108 ± 0.008
σ∆m(wide gaussian) 1.73 ± 0.10 MeV/c2
a 0.59 ± 0.01
b 99± 79
c 43.7± 2.1
Table 5-2. Summary of ∆m fit: a, b and c refer to shape variables in 5.2
deltam











Mean   0.1472
RMS    0.004568
Underflow       0
Overflow     1199
Integral  1.79e+05
Figure 5-7. ∆m distribution applying the cut on the cosine of D∗ helicity angle
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The sample of low momentum K0
L
s described in Chap. 5 is characterized by high statistics but low purity.
In this chapter, another control sample is considered, having the opposite features of the former, i.e. high
purity but low statistics. Given these two samples, selector implementation choices will be very different; In
section 4.2 a momentum independence of the EMC cluster shape variables for pK0
L
> 1 GeV/c was evident,
while for pK0
L
< 1 GeV/c the shape variables proved to be momentum-dependent. The two selectors may
be used taking into account the different momentum range of the samples they rely on.
6.1 The e+e− → φγ sample






This channel is characterized by the emission of a high energy photon of Initial State Radiation (ISR). ISR
photons are emitted predominantly at small angles relative to the electron direction. Only ∼ 10% of the
photons have polar angles in the CM in the range 300 < θ∗ < 1500, that is within BABAR acceptance.
To estimate the cross-section of the process we firstly consider the decay chain e+e− → γγ. Its cross-section
is well known, and was firstly calculated by Dirac [24]:
σ =
2pir2e
τ2(τ − 4) [(τ





τ −√τ − 4 − (τ + 4)
√
τ(τ − 4)] (6.1)





cross-section can be written as:




(ln τ − 1)
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We can switch to the φγ case using the vector meson dominance (VMD) model of photon-hadron interaction
[23]. The basic model assumes that photons, real or virtual, interact with hadrons by first changing into the
neutral mesons ρ0, ω and φ. Then we can couple the photon field to the vectorial field representing the φ
resonance. The coupling constant has been experimentally measured [25]:
Gγ,φ ' 5.04
Gγ,φ can be inserted in Eq. 6.1. However, the e+e− → γγ and e+e− → φγ processes differ for two aspects:
• the photons have transversal polarization only. In the e+e− → γγ case, we have 2+2=4 degrees of
freedom in the final state due to photons polarization. A vectorial particle with a non-zero mass has
three possible states of polarization. In the φγ process, we have 3+2=5 degrees of freedom.
• the φ has an invariant mass of 1.02 GeV/c2[26]. The phase-space for this process will be smaller that
the phase-space in the case in which two photons are emitted from e+e− annihilation.
Taking these two aspects into account, we obtain:
σ(e+e− → φγ) ' 9.6 pb
Considering the data luminosity of BABAR, we expect that ∼ 8 · 105 events have been produced. The
reconstruction efficiency for the K0Ss is ∼ 60%. Only ∼ 30% of K0Ls are detected in the EMC. Knowing
that only 10% of ISR photons fly inside the BABAR acceptance, we expect to reconstruct ∼ 14, 000 events.
As far as MC is concerned, 105 signal events were generated (∼ 31 fb−1); light quark production (∼ 314 fb−1)
and cc events (∼ 321 fb−1) were used for background estimation. The on-resonance data sample was used
(∼ 225 fb−1).
6.1.1 Event selection
The first check performed on a generic event is the presence of at least two charged tracks. The upper limit
on the number of tracks in the event is set to 4, to allow pair creation by the high energy photon and to take
into account the possibility of multiple scattering.
Photon selection is performed asking the candidate to have a momentum of 4 < p∗γ < 10 GeV/c in CM
frame. This constraint completely avoids the possibility of having BB background events.
Only K0S decaying into two charged pions are reconstructed. The two-pion invariant mass is constrained to
be 0.4865 < mpipi < 0.5089 GeV/c2. A selection on the best K0S is performed: the criterion is based on the
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where mKS is the nominal PDG mass.
The sum of the 4-momenta of the two charged pions is the K 0
S
4-momentum. Summing it with pγ , we
obtain the total visible 4-momentum of the event. Given the initial momentum of the two beams, we can
calculate the missing momentum of the event. For signal events it corresponds to the K 0L momentum. In
Fig. 6-1, the missing mass distribution is shown for MC events; the different contributions to the sample
are plotted separately. The components are normalized to the same luminosity (225 fb−1). Another event
variable to consider could have been the missing momentum. As it may be seen in Fig. 6-2(a), it has a
limited discriminatory power among signal and the several components of backgrounds.
)2 M (GeV/c∆

























Figure 6-1. Missing mass distribution, showing the different contributions from MC events
As Fig. 6-1 shows, the main contribution to background comes from the light quark production (u, d and s);




We consider the beam spot position and the cluster position in EMC (IFR); using these two pieces of
information, we compute the K0L flight direction. Given the missing momentum vector (evaluated from
the kinematics) and the neutral cluster candidate direction, a requirement upon the angle between those two
vectors is performed. This cut has been optimized maximizing the statistical significance (see Pag. 56). For
A HIGH MOMENTUM K0L SAMPLE


























































Figure 6-2. Event selection: missing momentum (a), cos θp,miss (b) for MC (different contributions
plotted) in the laboratory frame
the candidates detected in the calorimeter, this angle must be lower than 212 mrad; in Fig. 6-3(a) the plot of
the angle between the missing momentum and EMC clusters is shown for MC events. A similar procedure
can be done for IFR K0
L
candidates: in Fig. 6-3(b) the angle distribution is plotted. In the IFR case the
distribution is far cleaner, but the angle resolution is worse. This is due to the fact that all the photons






are expected to be emitted with a small angle between their directions (in the laboratory
frame). Thus a further selection is performed requiring that the angle between the missing momentum and
the momentum of each pion must be greater than 100 mrad. This request does not improve signal isolation,
but it is necessary to avoid that the pion electromagnetic showers in EMC overlap the hadronic K 0L shower,
thus introducing a bias in cluster shape variable distributions. In Fig. 6-4 this angle distribution is shown for
the case of a pi+originated from K0S decay.
As done in Chap. 5 for the low momentum K0
L
sample, an algorithm is chosen to perform the selection of
the best K0
L
candidate of the event. For the EMC candidates, the one with the highest deposited energy is
selected, while for the IFR, the candidate with the highest number of hit layers.
6.1.3 Missing mass fit
Missing mass distribution was fitted considering a “Cruijff”1 function for signal and a generalized AR-
GUS function for background. The Cruijff function is a centered gaussian with different left(L)-right(R)
resolutions, plus asymmetric non gaussian tails. It is defined as:
1This function was named “Cruijff” by its author, a Dutch member of BABAR. Cruijff is a famous Dutch football player.
MARIO PELLICCIONI
6.1 The e+e− → φγ sample 65
,EMC)missangle(p























































Figure 6-3. Event selection: angle between the missing momentum and the EMC K0
L
candidate cluster(a),
between the missing momentum and IFR K0
L
candidate cluster(b) for MC (different contributions plotted)
,EMC)+piAngle(





























Figure 6-4. Event selection: angle between the event missing momentum and the pi+ originated by the K0
S
decay (MC)
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where m corresponds to the distribution absolute maximum, σL,R are the left(right) resolutions and αL,R
are the exponential tails parameters. If α → 0 and σR = σL the Cruijff becomes a gaussian distribution,
with m its mean value. The generalized ARGUS is a threshold function, and is defined as:










where x0 is the point where the curve meets the x-axis. This point represents the lower physical limit of the
distribution. p and c are shape parameters of the function2 . To allow fit convergence, c is fixed (c = −1).
In Fig. 6-5 ∆m fits for EMC and IFR K0L candidates are plotted. As expected, the IFR distribution is much
cleaner than the EMC one. In Tab. 6-1 fit results for the function parameters are shown. The value of the
peak maximum is consistent with the expected K 0L mass.
Parameter Final Value
mCruijff 498.2 ± 1.8 MeV/c2
Signal events 4113 ± 787
σ∆m,L 8.9± 1.7 MeV/c2
σ∆m,R 6.0± 1.6 MeV/c2
αL,sig 0.287 ± 0.146
αR,sig 0.162 ± 0.058
Background events 3292 ± 785
pbkg 0.653 ± 0.006
Table 6-1. Summary of ∆m fit parameters for φγ events. Parameters were defined in Eq. 6.2 and 6.3
2The typical ARGUS distribution has a fixed p value (p = 0.5)
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Figure 6-5. Missing mass fit: EMC K0
L
candidates (a) and IFR candidates (b); dashed curve is the
background component, blue continuous curve is the fit to the distribution. Dots are data
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In this chapter, the implementation, validation and performances of two K 0L selectors are described. The
differences between the two samples obtained as described in Chap. 5 and 6 lead to different methods used
for the K0L selector, especially because of considerations of purity and statistics. In Appendix A we present
a feasibility study of a K0L sample. In that case, the low purity achieved has brought to the decision of
excluding that sample for the K0L selector implementation.
7.1 Neural Network selector
7.1.1 An introduction to the neural networks
A Neural Network (NN) [21] is probably the most reliable and efficient tool to implement a selector based on
a high purity sample. A NN needs a set of input variables divided into two chunks (signal and background);
these must be as pure as possible. The NN exploits the different shapes of the variables in the two chunks to
maximize the discriminating power, taking into account correlations in the inputs that can be not linear.
From the point of view of the architecture, a NN is a set of single processing elements (called neurons)
connected together, and thus exchanging information. A “coupling constant” exists between any two
connected neurons. Given the neurons i and j, this coupling will be called the weight wij . Each neuron i is
characterized by its state si and by its activation function f (Fig. 7-1).
One of the models most commonly used to describe the neuron is the so-called “dot-product” neuron. In





This can be read as the dot-product of a weight vector and an output vector, formed respectively with the
weights and with the outputs connected to the neuron i. Each neuron acts on this weighted sum and produces




Figure 7-1. The structure of a neuron. Inputs from one or more previous neurons are individually weighted,
then summed. The result is non linearly scaled between 0 and 1. Output value is passed on to the neurons in
the next layer
si = f(Pi)
There exist several possible forms for the activation function, usually they consist of applying a threshold
and doing a sort of amplification.
When dealing with NNs, and with their cumulative behaviour and learning procedures, we tend to classify
them in the basis of their structure. The most commonly used NN in Physics is the feed-forward configu-
ration. The name feed-forward NNs derives from the fact that neurons are divided in separate layers, and
neurons in each layer contribute to the input of neurons in the next layer only. There is no interconnection
between neurons inside one layer. We usually distinguish layers between input layers (connected to the
external world, and receiving the external information), output layers (producing the output result which is
sensed by the external world) and hidden layers (hidden from the external world). A general structure of a
NN is shown in Fig. 7-2
A single multi-input boolean neuron cannot implement all the possible boolean functions. A n-dimensional
boolean neuron is a neuron with a step-like activation function which performs a logical function from an
input set of boolean variables x1, x2, ..., xn to the set 0,1 (see Fig 7-3).
Even for the simple case of the XOR function, with an input space dimension of 2, a neuron is not enough to
provide the result, since the two classes of input boolean values corresponding to the two possible output are
not linearly separable. One needs at least one neuron in a hidden layer, unlike to the OR and AND functions,
which can be represented by the same boolean output neuron.
In our case, the neural network produces an output value for each event. The resulting distributions of
the NN output must differ strongly between signal and background. If the signal input (K 0
L
cluster shape
variables in our case) is too much contaminated by background (mainly photons), the NN produces a similar
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Figure 7-2. A Generalized Network. The information is applied to the inputs of the first layer, and signals
propagate through the middle (hidden) layer(s) to the output layer. Each link between neurons has a unique
weighting value






output for the two samples. This requirement is responsible of not to use the D0 → K∗pi(K∗ → K0Lpi)
sample to train the NN selector, since its purity is only ∼ 38%.
The greater the number of input parameters is, the larger the number of nodes inside the hidden layer has to
be. This is due to the fact that we need many neurons to take into account the non-linear behaviour of the
activation function. Thus, to help NN convergence and minimize the errors, the number of discriminating
variables must be as low as possible. Moreover, it is important to avoid the use of strongly correlated
variables, since the network seems to converge slowlier in those cases.
7.1.2 NN configuration
The main parameters we can set that establish NN behaviour and procedure are:
• learning parameter, to be set between 0 and 1. This sets the speed at which the NN learns how to
discriminate the two data chunks. The higher it is, the faster the network converges, but the risk of
overtraining increases as much as getting closer to 1 (see later);
• the number of training cycles the NN must perform;
• the number of hidden layers and the number of nodes for each layer;
Both chunks of signal and background were splitted in two: half of them was used to train the network,
while the other half was needed for the validation process. This is done because at each cycle of the training
process, the output has to be evaluated on a completely uncorrelated sample. In order to take the uncertainties
on the training sample close to the ones on the validation sample, signal and background chunks should
contain about the same number of events. To obtain a signal sample of φγ, we consider the missing mass
distribution. All the events in the region (that we call Signal Region)
∆m ∈ [m− 15MeV/c2 ,m + 15MeV/c2]
are assumed to be signal (m is the position of the maximum for the Cruijff function). Since the purity of
the sample is very high, this approximation is quite reasonable. In our case a general photon background is
needed (being the typical K0L background). The φγ sidebands (defined as the events which lie outside the
Signal Region) cannot be used, since the number of these events is lower than the number of signal events.
For NN training it was eventually decided to use the D0 → K∗pi(K∗ → K0Lpi) background. Considering
the ∆m = mD∗ −mD0 (see Fig. 5-6 distributions), all the events having
∆m < µ− 2σwide or ∆m > µ+ 2σwide
were assumed to be background. Here µ is the mean value of the double Gaussian and σwide is the width of
the wide Gaussian.
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One of the most frequent problems that affect the low statistics samples used in NN is the overtraining
phenomenon. Because of the low number of events, the NN sees an artificial shape due to the statistical
fluctuations of the input shape. If the number of cycles of NN training is very high and the learning parameter
too close to 1, the network learns perfectly the characteristics of the training sample, which cannot be
generalized to a different sample. This can be checked plotting the NN output error versus number of cycles
for training and validation. If the process is overtrained, error distribution for training goes to 0, while the
validation one diverges, because of the selector inability in dealing with a different sample.
So, we made an optimization of the training settings, maximizing the separation power of the output and
keeping the uncertainties on training and validation samples as closer as possible.
7.1.3 Neural Network training and validation
Several NN configurations were tried for the training process. In Tab. 7-1 the choices that bring to the most
performing selection are reported. The NN parameters are tuned to maximize the background rejection
and minimize the statistical error. The best configuration is obtained setting a single hidden layer having a
number of nodes equal to the number of input parameters. The choice of shape variables is done reducing
the number of variables minimizing the correlation among the surviving ones. In the final configuration four
variables are used: the number of crystals, the lateral moment, s1s9 and the Zernike Moment |Z4,2|. In
Chap. 4 we proved that only the number of crystals (among the variables used for this NN) is affected by a
slight mismatch between data and MC. For this reason, this selector is a good candidate also for MC use.
Parameter Value
Learning Parameter 0.05
Number of cycles 800
Number of training events 2100
Number of validation events 2000
Number of hidden layers 1
Number of nodes in 1st layer 4
Table 7-1. Summary of NN parameters for the best configuration; about the same number of signal and
background events is used for training and validation
In Fig. 7-4 the NN output error versus the number of cycles performed is shown. As can be observed, the
error trend does not differ between training and validation and the plateau values are different from zero.
The selector output and the background rejection versus signal efficiency are reported in Fig. 7-5. Signal
and background have separate peaks that allow a good discrimination between them.
The weights are functions of values divided into intervals of the discriminating variables. The NN calculates
the output value for the K0
L


























Figure 7-4. Neural Network output error for training and validation events
EMC Neural Network output
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Figure 7-5. Neural Network output and background rejection vs. efficiency
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where to apply the cut on the output distribution to purify his sample, depending on the requirement of his
analisys.
7.2 Likelihood selector
The D0 → K∗pi(K∗ → K0Lpi) sample was used to implement a likelihood selector. The method used
proceeds with the following steps:
• some discriminating variables are chosen for implementation; we use the same variables selected for
the NN training, i.e. the lateral moment, the number of crystals, s1s9 and the Zernike Moment |Z4,2|.
• each variable is divided into slices within their ranges;
• for each slice, ∆m = mD∗ −mD0 is fitted with an unbinned method, and signal fraction is extracted
from the fit;








Data are divided into two chunks: we considered separately Run1-3 data and Run4 data; this is done to
better take into account the different detector setup and performances through the run periods.
In Fig. 7-6, 7-7, 7-8 and 7-9 the ∆m fits for the shape variable intervals are shown, along with the weight
(η) obtained for each interval. All the graphs and weights refer to Run4 data. In Tab. 7.2 and 7.2 the weights
for the four shape variables chosen for selection are shown.
As said, the weights are then used to compute the likelihood function, given the values of the shape variables
of the K0L candidate, on an event per event basis. In Fig. 5-1 we show the momentum distribution of the
K0Ls for the sample used for the likelihood selector. Since 0.5 < pK0
L
< 3.5 GeV/c, this selector can be
used for the identification of low-momentum K0
L
s. In fact, as seen in Chap. 4, for pK0
L
< 1 GeV/c the







































































































































































































































































































































































































































































































































































































































































Figure 7-6. ∆m fits for intervals of lateral moment. Weight value η is quoted. Plots and weights refer to
Run4
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Figure 7-8. ∆m fits for intervals of Zernike Moment |Z4,2|. Weight value η is quoted. Plots and weights
refer to Run4
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Lateral Moment Interval Weight
0 - 0.1 0.154
0.1 - 0.2 0.111
0.2 - 0.3 0.158
0.3 - 0.4 0.166
0.4 - 0.45 0.277
0.45 - 0.49 0.347
0.49 - 0.53 0.362
0.53 - 0.57 0.389
0.57 - 0.61 0.466
0.61 - 0.65 0.654
0.65 - 0.69 0.463
0.69 - 0.74 0.526
0.74 - 0.79 0.571
0.79 - 0.84 0.768
0.84 - 0.89 0.640
0.89 - 0.94 0.541
0.94 - 1 0.456
s1s9 Interval Weight
0 - 0.3 0.687
0.3 - 0.34 0.59
0.34 - 0.38 0.514
0.38 - 0.42 0.481
0.42 - 0.46 0.439
0.46 - 0.5 0.416
0.5 - 0.54 0.391
0.54 - 0.58 0.370
0.58 - 0.62 0.343
0.62 - 0.66 0.333
0.66 - 0.7 0.310
0.7 - 0.74 0.286
0.74 - 0.78 0.269
0.78 - 0.82 0.251
0.82 - 0.86 0.236
0.86 - 0.9 0.225
0.9 - 0.94 0.224
0.94 - 1 0.227
Table 7-2. Weight values (η) for lateral moment and s1s9 intervals
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Zernike Moment |Z4,2| Interval Weight
0.015 - 0.03 0.102
0.03 - 0.045 0.142
0.045 - 0.06 0.216
0.06 - 0.075 0.226
0.75 - 0.09 0.241
0.09 - 0.105 0.474
0.105 - 0.12 0.453
0.12 - 0.135 0.559
0.135 - 0.15 0.587
0.15 - 0.165 0.421
0.165 - 0.18 0.470
0.18 - 0.195 0.408
0.195 - 0.21 0.375
0.21 - 0.225 0.268
0.225 - 0.24 0.291
0.24 - 0.255 0.318
0.255 - 0.27 0.331
0.27 - 0.285 0.427
0.285 - 0.3 0.318
Number of crystals Interval Weight
1 - 2 0.548
2 - 3 0.177
3 - 4 0.165
4 - 5 0.132
5 - 6 0.091
6 - 7 0.105
7 - 8 0.103
8 - 9 0.195
9 - 10 0.169
10 - 12 0.184
12 - 14 0.256
14 - 16 0.299
16 - 18 0.429
18 - 20 0.541
20 - 24 0.794
24 - 28 0.565
28 - 32 0.406
32 - 36 0.551
36 - 40 0.679











As shown in chapter 4, hadronic showers into the BABAR calorimeter are not well reproduced in MC.
The comparison of the distributions of EMC cluster shape variables in data and MC shows a mismatch
for some of the variables. For this reason, any K 0L selector based on a MC sample of neutral kaons is
unreliable if applied to data. This leads to the necessity of implementing a data-based selector; in this case,
the main problem is the high level of background that any K 0L sample suffer from. From the data-MC





> 1 GeV/c. For pK0
L
< 1 GeV/c the variables seem to be momentum-dependent. The GEISHA
hadronic shower simulator has been replaced by the more precise Bertini-Cascade one. For this reason, il
will be necessary to repeat this study as soon as the new MC will be produced.
As described in chapter 5 and 6, the twoK0L samples differ for the statistics and purity they have. The sample
described in chapter 5 is characterized by high statistics (∼ 230, 000 events) but low purity (∼ 38%). For
the sample in chapter 6, the statistic is quite low (∼ 7, 000 events) but the purity achieved is large (∼ 80%).
The different features of the two K0L samples lead to different method used for the selector implementation.
The high-purity sample is used to train a Neural Network. The NN parameters and the number of input
variables were tuned to maximize the background rejection and minimize the statistical error. As can be
seen in 7.1.3 the NN output allows for a good photon/K 0
L
separation. The input variables of the NN training
process do not show in most cases a significant mismatch between data and MC. For this reason, this selector
can be indifferently used for real or simulated events.
The low-purity sample is used to implement a likelihood selector. The input variables used for the imple-
mentation are the same used for the NN training. Each variable is divided into intervals within its range,
and for each interval a likelihood function is computed on an event per event basis. The momentum range
of the low-purity K0
L
sample is 0.5 < pK0
L
< 4 GeV/c2. The cluster shape variables show a momentum-
dependence for low values of pK0
L
. So, this selector can be used to reconstruct channels characterized by
the presence of a low-momentum K0
L
.
Comparing the two selectors, the NN-based is intrinsically the most reliable of the two. When the next run
of BABAR will be finished, the data collected will allow to double the e+e− → φγ statistics. In a future











In this appendix, another low momentum K0
L
sample is described. The channel studied is:





through the intermediate resonance states:
• D0 → K∗−ρ+, BR(D0 → K∗−ρ+)= (4.4 ± 1.7)% [26]
• D0 → K0
L
ω, BR(D0 → K0
L
ω)= (2.1± 0.4)% [26]
This sample is characterized by a higher statistics than the sample described in Chap. 5. The purity
achievable with this channel is not expected to be very high. This is mainly due to the presence of the
pi0 in the decay tree. In fact, in cc continuum the multiplicity of pi0 per event is very high.
As said in Chap. 5, the cross-section of e+e− → D∗X is [18]:
σ(e+e− → D∗X) = 580 pb−1
We used the following samples of MC simulated events:
1. for D0 → K∗−ρ+:
• 105 signal MC events (∼ 7 fb−1);
• ∼ 6 · 108 generic cc MC events (∼ 46 fb−1);
2. for D0 → K0
L
ω:
• 105 signal MC events (∼ 13 fb−1);





Firstly we require the presence of at least three charged pions. All of them are selected using the same pion
list described in Chap. 5. The selection efficiency and the rate of fake pions are shown in Fig. 5-2.
The next requirement an event must satisfy is the presence of a pi0. Neutral pions decay mostly into two
photons. Their decay length is very small (cτpi0 = 25µm), so the two photons can be detected by the EMC.
In Fig. A-1 the identification efficiency of neutral pions is shown for a standard BABAR pi0 selector. candidates
are fitted constraining their momentum to the PDG pi0mass (mpi0 = 134.9 MeV/c2[26]). This improves the
resolution of the composites formed combining the pi0 with other candidates. The original information on
γγ invariant mass is stored to be used in the optimization of the selection.
Figure A-1. pi0 identification efficiency vs particle momentum. Blue are signal events, black are MC
The three pions belonging to the D0 decay are reconstructed. Then, a fit is performed to constrain their
momentum to be originated in a common vertex. Only events where the fit probability is greater than 1%
are accepted. In Chapter 5 we described a method to calculate the K 0
L
momentum having reconstructed the
momenta of the other particles originated from theD0 decay. In this case, the momentum of the pi+−pi−−pi0
system is computed. A cluster not associated to any track is considered for the EMC (IFR). Using the
pi+pi−pi0 vertex and the cluster position, the K0
L
flight direction is calculated. Combining this information
with the hypothesis of a D0 origin, pK0
L
is calculated.
A fit on the D0 is done, constraining its momentum to the nominal PDG mass. Then we consider a charged
pion of low momentum selected with the same criteria used in Chapter 5, that is:
• a pi from the same list as the two charged pions from the D0 decay, but not overlapping with them;
• pis momentum: 0.05 < ppis < 0.65 GeV/c;
• distance of closest approach to z-axis: docaz < 0.2 cm;
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• distance of closest approach to xy-plane: docaR < 3 cm;
• number of hits on SVT≥ 6;
• number of hits on DCH ≥ 11;
Once the slow pion is selected, we know whether the decay tree was originated from a D∗+ or from a D∗−.
A fit is then performed to the whole decay tree. In the case of the D0 → K∗ρ decay reconstruction, if the
pislow charge is positive (negative), the K0L and pi− (pi+) momenta are constrained to the K∗− (K∗+) PDG
mass. In the D0 → K0Lω case, the momenta of the three pions coming from the D0 decay are constrained
to the ω mass.
A.1.1 Event selection for D0 → K∗ρ
The first selections performed involve the pi0 candidate. As done for the cuts optimization of the other sam-
ples, the selection that maximizes the statistical significance is chosen (see Pag.56). For the pi0 momentum
we impose that ppi0 > 0.51 GeV/c2. The photons coming from the pi0 decay are considered. The most
energetic and the less energetic photons of the decay are labelled as γ1 and γ2, respectively. Only pi0 that
have
pγ1 > 0.28 GeV/c and pγ2 > 0.1 GeV/c
are selected. In Fig. A-2 the plots of the momenta of pi0, γpi0,1 and γpi0,2 are shown.
The optimization process brings to a cut on the ρ mass (mρ > 0.675 GeV/c2). The plot of the variable is
shown in Fig. A-3.
The helicity angle of the K∗ candidate is defined as the angle between the K0L direction and the direction
of the D0, in the K∗ rest frame. The helicity angle of the ρ is defined as the angle between the direction of
one of the charged pions coming from its decay (pi+ was chosen) and the D0 direction, in the ρ rest frame.
The helicity angle of the K∗ and ρ candidates cannot provide further background rejection. In fact, their
decay products are not in a pure P-wave status. However, in the K ∗ case the background is distributed as a
decreasing function of cos θhel,K∗. For this reason, we apply a cut on the helicity angle (cos θhel,K∗ < 0.6).
The plot of cos θhel is shown in Fig. A-4.
In Tab. A.1.1 the summary of the cuts applied is shown. In the third column, the relative efficiency is
reported, i.e. the number of the events before the cut is applied divided by the number of events after the
cut is applied. In the fourth column we quote the sample total purity after the cut. Because of the low purity
achieved, we have excluded this sample for the K 0
L
selector implementation.
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Mean    0.715
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pi zero mom pi zero mom
Entries  5006
Mean    1.125
RMS    0.5065
Underflow       0
Overflow   0.003407
Integral       1
(c)
Figure A-2. pi0 selection: plots of γ1(a), γ2(b) and pi0(c) momenta. Red is signal, black is background
Cut variable Limits Relative efficiency Sample purity after the cut
mρ > 0.675 GeV/c 82% 0.2%
pi0 momentum > 0.51 GeV/c 75% 0.4%
γpi0,1 momentum > 0.28 GeV/c 84% 0.5%
γpi0,1 momentum > 0.1 GeV/c 87% 0.6%
cos θhel,ρ < 0.6 76% 1.0%
Table A-1. Summary of the optimized cuts for D0 → K∗ρ
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rho mass rho mass
Entries  5742
Mean   0.7432
RMS    0.07797
Underflow       0
Overflow        0
Integral       1
Figure A-3. ρ mass distribution. Red is signal, black is background
rho helicity angle cosine











EMC rho elicita EMC rho elicita
Entries  6204
Mean   0.08151
RMS    0.6079
Underflow       0
Overflow        0
Integral       1
Figure A-4. cosine of the K∗ helicity angle. Red is signal, black is background
A.1.2 Event selection for D0 → K0
L
ω
As in the D0 → K∗ρ channel, we performed some selections on the pi0 candidate. The pi0 momentum
was constrained to ppi0 > 0.51 GeV/c. An additional cut on its mass was asked: 0.123 < mpi0 < 0.145
GeV/c2. The plots of these two variables are shown in Fig. A-5. As done for the D0 → K∗ρ decay chain,
the photons coming from the pi0 decay are considered. The most energetic and the less energetic photons of
the decay are labelled as γ1 and γ2 respectively. Cut optimization introduces a selection on their momentum:
pγ1,pi0 > 0.161 GeV/c and pγ2,pi0 > 0.091 GeV/c
Plots of these two variables are shown in Fig. A-6.
































Figure A-5. pi0 selection: momentum distribution(a) and pi0 mass. Red is signal, black is background
Momentum (GeV/c)






























Figure A-6. pi0 selection: momentum distribution for the two photons coming from the pi0 decay. Red is
signal, black is background
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A summary of the selection is shown in Tab. A.1.2. In third and fourth column the relative efficiency and
the sample total purity are quoted. As for the D0 → K∗ρ decay channel, the sample purity achieved is very
low. For this reason, also this channel is excluded for K 0L selector implementation.
Cut variable Limits Relative efficiency Sample purity after the cut
pi0 momentum > 0.51 GeV/c 58% 0.3%
γpi0,1 momentum > 0.161 GeV/c 94% 0.4%
γpi0,1 momentum > 0.091 GeV/c 88% 0.6%
mω 0.767 < mω < 0.797 GeV/c
2 88% 0.7%
cos θhel,ω < 0.68 96% 0.8%
pi0 mass 0.123 < mpi0 < 0.145 GeV/c
2 95% 0.9%
Table A-2. Summary of the optimized cuts for D0 → K0
L
ω






Questi, almeno, in italiano. Ovviamente mi dimentichero´ di tante persone, in questa lunga, tediosa, lista, e
per questo mi scuso.
• a Anna, per l’infinita collezione di avventure su fumetto;
• a Sgari, per le serate in campagna e perch una volta e´ perfino riuscita ad assaggiare la crostata di soia;
• a Baffetto, per Baccello Segreto e tante altre perle di saggezza, e perche´ senza di lui l’Initial State
Radiation non e´ la stessa;
• a Roxy, Tessaglia ed Ile, per tutte le stupidaggini che ci siamo visti al cinema;
• al Catilagine, perche´ visualizza e perche´ sopravvaluta l’importanza delle iniziali;
• alla Presidentessa, per le nostre pause sincronizzate davanti al R.O.B., e perche´ ci ha scarrozzato per
mezza California;
• al custode dell’Ankh, perche´ lo ha conservato fino al mio ritorno, e perche´ e´ principe a Torino (con la
tazza del the);
• a Dee, che con il suo esempio mi insegna sempre quanto sia importante la liberta´, e che e´ sempre
foriero di novita´ fumettistiche;
• alla Papera, per i suoi biscottini aromatici e per il balcone da cui si vede fino a Superga;
• a Silvano, per le sue interpretazioni molto accurate degli album fotografici;
• alla Zarina, perche´ contribuisce assieme a me a far arricchire Tutto unto;
• a Vincent, perche´ da quando e´ a Londra non sento piu´ certi commenti acidi su alcuni torinesi. Peccato;
• a Marcella, perche´ non mi sgrida quando mangio i dolci al bar e perche´ si e´ sporcata le mani con roba
charm;
• a Rami, e alla sua collezione di permessi di soggiorno;
• al Pitone Ferrarese, come mappa un detector lui, non lo sa fare nessuno;
• allo Stocco, per il capodanno a Madrid e per i panini lenti;





• a Vale, che ha diviso con me due uffici e molte angoscie;
• a Giampi, per la doppia dell’Elba e per le foto sul frigo;
• alla mamma, e al suo prossimo libro: Lo zen e l’arte del trasloco;
• a papa´ e Lily, per i pranzi semi-cinesi domenicali;
• a Cartina e a Tone, per le pancake sessions;
• a Bas, per le sue lezioni di siciliano e tedesco contemporanee;
• a tutte le persone di BABAR con cui ho interagito: Betta, Maurizio, Guglielmo, Luigi, Fonzie, Vir, il
Cenci, il Paolista, e tutti quelli di cui non mi sono ricordato;
• al teoricamente teorico albese, perche´ riuscito a smettere di fumare e perche´ stava con una tipa con la
voce come quella di Titti;
• allo Zocco, per le correnti cariche e per i suoi insulti a Cauchy;
• infine, a Google, attento e sapiente maestro, consigliere fidato, spesso vittima dei miei sfoghi, ma




[1] M. Kobayashi and T. Maskawa, Prog. Th. Phys. 49 (1973) 652.
[2] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531.
[3] B. Aubert et al. [BABAR Collaboration], “Measurement of sin(2beta) using hadronic J/psi decays”,
Phys. Rev. D 69 (2004) 052001 [arXiv:hep-ex/0309039].
[4] B. Aubert et al. [BABAR Collaboration], “The BaBar detector”, Nucl. Instrum. Meth. A 479 (2002)
1 [arXiv:hep-ex/0105044].
[5] D. Boutigny et al. [BABAR Collaboration], “BaBar technical design report”, SLAC-R-0457
http://www.slac.stanford.edu/spires/find/hep/www?r=slac-r-0457 SPIRES entry
[6] C. Bozzi et al. [BABAR Collaboration], Nucl. Instr. Methods A473 (2001) 7;
C. Bozzi et al. [BABAR Collaboration], Nucl. Instr. Methods A461 (2001) 162.
[7] P.F. Harrison and H.R. Quinn [BABAR Collaboration],“The BaBar physics book: Physics at an
asymmetric B factory”, SLAC-R-0504 (1998)
[8] J. Schwiening et al. [BABAR DIRC Collaboration], Nucl. Instr. Methods A502 (2003) 67;
I. Adam et al.,IEEE Trans. Nucl. Sci. 49 (2002) 1071;
D.W.G. Leith, Nucl. Instr. Methods A494 (2002) 389;
I. Adam et al., Nucl. Phys. Proc. Suppl. 93 (2001) 340.
[9] R. Santonico, R. Cardarelli Nucl. Instr. Methods A409 (1981) 377.
[10] M. Andreotti et al. [BABAR LST Collaboration], Proposal to SLAC EPAC (2003);
M. De Giorgi et al., Nucl. Instr. Methods A378 (1996) 472.
[11] P. W. Higgs, “Spontaneous Symmetry Breakdown Without Massless Bosons”, Phys. Rev. 145 (1966)
1156.
[12] L. Wolfenstein, Parametrization Of The Kobayashi-Maskawa Matrix, Phys. Rev. Lett. 51 (1983) 1945.
[13] B. Aubert et al. [BABAR Collaboration], “Measurement of the CP-violating asymmetry amplitude sin
2beta. ((B))”, Phys. Rev. Lett. 89 (2002) 201802 [arXiv:hep-ex/0207042].
[14] K. Abe et al. [Belle Collaboration], “Measurement of CP-violation parameter sin(2phi(1)) with 152
million B anti-B pairs”, arXiv:hep-ex/0308036.
[15] M. Bona et al. [UTfit Collaboration], http://www.utfit.org/
[16] S. B. Athar et al. [CLEO Collaboration], “Measurement of the ratio of branching fractions of




[17] B. Aubert et al. [BABAR Collaboration], “Measurement of sin(2beta) in B0 → Phi K0(S). ((B))”,
arXiv:hep-ex/0207070.
[18] M. Artuso et al. [CLEO Collaboration], “Charm meson spectra in e+ e- annihilation at 10.5-GeV-
cme”, Phys. Rev. D 70 (2004) 112001 [arXiv:hep-ex/0402040].
[19] M. Ciuchini, E. Franco, G. Martinelli, A. Masiero, M. Pierini and L. Silvestrini, “Two-body
nonleptonic B decays in the standard model and beyond”, arXiv:hep-ph/0407073.
[20] M.R. Teague, Image analysis via the general theory of moments, Journal of Optical Society of
America, 70(8):pp. 920-930, 1979.
[21] P. Dayan amd L.F. Abbot, Theoretical Neuroscience, MIT Press, Cambridge, MA, 2001
[22] B. Aubert et al. [BABAR Collaboration], “Measurement of CP asymmetries in B0 → Phi K0 and
B0 → K+ K- K0(S) decays”, arXiv:hep-ex/0502019.
[23] R.P. Feynman, Photon-Hadron Interactions, Benjamin, New York,1972
[24] V.B. Berestetskii, E.M. Lifshitz and L.P. Pitaevskii, Quantum electrodynamics, Pergamon, 1982
[25] M. L. Perl et al., “Muon Proton Inelastic Scattering And Vector Dominance”. Phys. Rev. Lett. 23
(1969) 1191.
[26] S. Eidelman et al. [Particle Data Group], “Review of particle physics”, Phys. Lett. B 592 (2004) 1.
[27] M. Ciuchini, E. Franco, A. Masiero and L. Silvestrini, “b → s transitions: A new frontier for indirect
SUSY searches” Phys. Rev. D 67, 075016 (2003) [Erratum-ibid. D 68, 079901 (2003)] [arXiv:hep-
ph/0212397].
MARIO PELLICCIONI
List of the Figures
1-1 Ten Unitarity Triangle (a) represents the orthogonality condition between the first and the
third column of the CKM matrix. The rescaled Unitarity Triangle (b), all sides divided by
|VcdV ∗cb| . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1-2 Allowed regions for (ρ − η). The closed contours at 68% and 95% probability are shown.
The full lines correspond to 95% probability regions for the constraints, given by the mea-
surements of |Vub|/|Vcb|,K ,∆md, ∆ms and sin2β. The dotted curve corresponds to the
95% upper limit obtained from the experimental study of B0s oscillations. . . . . . . . . . . 8
1-3 Allowed regions for (ρ− η) (contours at 68% and 95%) as selected by the measurements of
|Vub|/|Vcb|, ∆md and by the limit on ∆ms are compared with the bands (at 68% and 95%
confidence level) from the measurement of CP violating quantities in the kaon (K) and in
the B (sin 2β) sectors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1-4 Example of tree-level diagram: B0 → J/ψK0
L
. . . . . . . . . . . . . . . . . . . . . . . . . 12
1-5 Examples of quark-level diagrams for B → φK and B → φpi: (left) internal gluonic
penguin; (right) flavor singlet gluonic penguin . . . . . . . . . . . . . . . . . . . . . . . . . 12
1-6 Examples of quark-level diagrams for B → φK and B → φpi: (left) internal electroweak
penguin for B± → φK±; (right) external electroweak penguin for B± → φK±. . . . . . . 12
1-7 Examples of SUSY contributions to B → φK . . . . . . . . . . . . . . . . . . . . . . . . . 13
1-8 The rescattering diagram for B → φK and B → φpi. The tree part of this diagram could
lead directly to a B → φh final state via the small, poorly understood, uu component of the
φ resonance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2-1 Longitudinal(top) and end(bottom) views of the BABAR detector. Units are mm . . . . . . . . 17
2-2 PEP-II delivered and BABAR recorded luminosity from the beginning of data taking. . . . . . 20
2-3 Schematic view of SVT: longitudinal section . . . . . . . . . . . . . . . . . . . . . . . . . 22
2-4 Schematic view of SVT: transverse section . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2-5 SVT hit resolution in the z (left) and φ (right) coordinates, plotted as a function of track
incident angle. Each plot shows a different layer of the SVT. The plots in the φ coordinate
for layers 1-3 are asymmetric around φ = 0 because of the “pinwheel” design of the inner
layers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
98 BIBLIOGRAPHY
2-6 Longitudinal section of the DCH with principal dimensions; the chamber center is offset by
370 mm from the interaction point. Numbers are in mm . . . . . . . . . . . . . . . . . . . . 24
2-7 DCH: view of a single cell(a) and schematic layout of drift cells for the four innermost
superlayers(b). Lines have been added between field wires to aid in visualization of the cell
boundaries. The numbers on the right side give the stereo angles (mrad) of sense wires in
each layer. The 1 mm-thick beryllium inner wall is shown inside of the first layer. . . . . . . 26
2-8 (a) DCH single hit resolution. (b) dE/dx resolution for Bhabha electrons . . . . . . . . . . 27
2-9 Exploded view of the DIRC mechanical support structure without the iron magnetic shield. . 28
2-10 Schematics of the DIRC fused silica radiator bar and imaging region. . . . . . . . . . . . . . 28
3-1 Emc cluster energy distribution for KL candidates from B → ψKL decay. . . . . . . . . . . 32
3-2 The electromagnetic calorimeter layout in a longitudinal cross section and a schematic view
of the wrapped CsI(Tl) crystal with the front-end readout package mounted on the rear face
(not to scale). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3-3 The invariant mass of two photons from pi0 decays (left) and efficiency for electron identifi-
cation and pion mis-identification probability (right) in BB events. The solid curve on the
left is a fit to 3.1. In the right plot the energies of the photons and the pi0 are required to
exceed 30 MeV and 300 MeV respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3-4 Overview of the IFR: barrel sectors and forward (FW) and backward (BW) end doors; the
shape of the RPC modules and their dimensions are indicated. . . . . . . . . . . . . . . . . 37
3-5 Cross section of a planar RPC with the schematics of the high voltage (HV) connection. . . . 38
3-6 Average efficiency of the barrel RPC chambers as a function of date, in month, since June
1999. Squares (blue) are all RPCs with efficiency greater than 10%, open circles (red) are
all RPCs and full circles (green) are all RPCs with efficiency less than 10% . . . . . . . . . 39
3-7 Photo of standard LST, partially inserted in the sleeves (shown on the left). . . . . . . . . . . 40
3-8 LST single rates measurements plateaux; a satisfying plateau (left) and a plateau where two
of the four channels of the module have a bad behaviour (right) are shown . . . . . . . . . . 41
4-1 Kaon efficiency for data and MC for Run4 . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4-2 Misidentification efficiency for K selector: (left) refers to pis, (right) to protons, (bottom) to
muons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4-3 ∆m = mD∗ −mD0 distribution for MC sample . . . . . . . . . . . . . . . . . . . . . . . . 48
4-4 Data-MC comparison for EMC cluster shape variables; dots are the data, solid histogram
MC; plots refer to Run4 only. MC is normalized to the area of data distributions . . . . . . . 49
MARIO PELLICCIONI
BIBLIOGRAPHY 99
4-5 Mean lateral moment versus momentum (run4 only) . . . . . . . . . . . . . . . . . . . . . . 50
5-1 K0
L
momentum distribution for the sample considered; dots are signal, solid histogram is
background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5-2 Pion selection as function of momentum: pion reconstruction efficiency (a), kaon fake rate
(b) and proton fake rate (c) for data and MC . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5-3 D0 momentum in CM frame (Monte Carlo); dots are signal, solid histogram is background . 57
5-4 Event selection: cosine of the K∗ helicity(a), K∗ mass (b); dots are signal, solid histogram
is background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5-5 Statistical significance vs the cut on the K ∗ mass, for a fixed cut on the helicity angle
(cos θhelicity > 0.55) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5-6 ∆m distribution for the whole dataset. Green is background, dashed curve corresponds to
background plus wide gaussian component for the signal . . . . . . . . . . . . . . . . . . . 59
5-7 ∆m distribution applying the cut on the cosine of D∗ helicity angle . . . . . . . . . . . . . 60
6-1 Missing mass distribution, showing the different contributions from MC events . . . . . . . 63
6-2 Event selection: missing momentum (a), cos θp,miss (b) for MC (different contributions
plotted) in the laboratory frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6-3 Event selection: angle between the missing momentum and the EMC K 0L candidate clus-
ter(a), between the missing momentum and IFR K 0
L
candidate cluster(b) for MC (different
contributions plotted) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6-4 Event selection: angle between the event missing momentum and the pi+ originated by the
K0S decay (MC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6-5 Missing mass fit: EMC K0L candidates (a) and IFR candidates (b); dashed curve is the
background component, blue continuous curve is the fit to the distribution. Dots are data . . 67
7-1 The structure of a neuron. Inputs from one or more previous neurons are individually
weighted, then summed. The result is non linearly scaled between 0 and 1. Output value is
passed on to the neurons in the next layer . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
7-2 A Generalized Network. The information is applied to the inputs of the first layer, and
signals propagate through the middle (hidden) layer(s) to the output layer. Each link between
neurons has a unique weighting value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
7-3 A feed-forward network with one hidden layer and one output . . . . . . . . . . . . . . . . 71
7-4 Neural Network output error for training and validation events . . . . . . . . . . . . . . . . 74
BIBLIOGRAPHY
100 BIBLIOGRAPHY
7-5 Neural Network output and background rejection vs. efficiency . . . . . . . . . . . . . . . . 74
7-6 ∆m fits for intervals of lateral moment. Weight value η is quoted. Plots and weights refer
to Run4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
7-7 ∆m fits for intervals of s1s9. Weight value η is quoted. Plots and weights refer to Run4 . . 77
7-8 ∆m fits for intervals of Zernike Moment |Z4,2|. Weight value η is quoted. Plots and weights
refer to Run4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
7-9 ∆m fits for intervals of number of crystals. Weight value η is quoted. Plots and weights
refer to Run4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
A-1 pi0 identification efficiency vs particle momentum. Blue are signal events, black are MC . . . 86
A-2 pi0 selection: plots of γ1(a), γ2(b) and pi0(c) momenta. Red is signal, black is background . . 88
A-3 ρ mass distribution. Red is signal, black is background . . . . . . . . . . . . . . . . . . . . 89
A-4 cosine of the K∗ helicity angle. Red is signal, black is background . . . . . . . . . . . . . . 89
A-5 pi0 selection: momentum distribution(a) and pi0 mass. Red is signal, black is background . . 90
A-6 pi0 selection: momentum distribution for the two photons coming from the pi0 decay. Red is
signal, black is background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
MARIO PELLICCIONI
List of the Tables
2-1 PEP − II beam parameters. Values are given both for the design and for typical colliding
beam operation. HER and LER refer to the high energy e− and low energy e+ ring,
respectively. σLx, σLy and σLz refer to the horizontal, vertical and longitudinal RMS size
of the luminous region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2-2 Production cross-sections at
√
s = M(Υ (4S)). The e+e− cross-section is the effective
cross-section, expected within the experimental acceptance. . . . . . . . . . . . . . . . . . . 18
3-1 Properties of CsI(Tl) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3-2 IFR readout segmentation. The total number of channels is close to 53,000 . . . . . . . . . . 38
3-3 Definition of most used Zernike moments . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5-1 Summary of D∗ event selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5-2 Summary of ∆m fit: a, b and c refer to shape variables in 5.2 . . . . . . . . . . . . . . . . . 60
6-1 Summary of ∆m fit parameters for φγ events. Parameters were defined in Eq. 6.2 and 6.3 . 66
7-1 Summary of NN parameters for the best configuration; about the same number of signal and
background events is used for training and validation . . . . . . . . . . . . . . . . . . . . . 73
7-2 Weight values (η) for lateral moment and s1s9 intervals . . . . . . . . . . . . . . . . . . . . 80
7-3 Weight values (η) for Zernike moment |Z4,2| and number of crystals intervals . . . . . . . . 81
A-1 Summary of the optimized cuts for D0 → K∗ρ . . . . . . . . . . . . . . . . . . . . . . . . 88
A-2 Summary of the optimized cuts for D0 → K0Lω . . . . . . . . . . . . . . . . . . . . . . . . 91
102 BIBLIOGRAPHY
MARIO PELLICCIONI
